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Abstract 

I review the present status of the development of Quantum Gravity Phenomenology. Among 
the accomplishments of this young research area I stress in particular the significance of 
studies which established that some appropriate data analyses provide sensitivity to effects 
introduced genuinely at the Planck scale. The objective of testing/falsifying theories that 
provide comprehensive solutions to the quantum-gravity problem appears to be still rather 
far, but we might soon be in a position to investigate some "falsifiable quantum-gravity 
theories of not everything" . 
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I. INTRODUCTION AND PRELIMINARIES 



A. The "Quantum-Gravity problem", as seen by a phenomenologist 

Our present description of the fundamental laws of Nature is based on two disconnected pieces: 
"quantum mechanics" and "general relativity" . On the quantum-mechanics side our most advanced 
formalism is relativistic quantum field theory, which turns out to be an appropriate formalization of 
(special-)relativistic quantum mechanics. This theory essentially neglects gravitational effects. As 
far as relativistic quantum mechanics is concerned, gravitation essentially does not exist. Indeed 
the formalism of relativistic quantum field theory does not make any room for a dynamics of 
spacetime and the experiments which have formed our trust in relativistic quantum mechanics are 
all experiments in which spacetime-dynamics effects are expected to be negligible at the presently- 
achievable levels of experimental sensitivity. So the absence of a role for gravitation in relativistic 
quantum field theory has never caused inadequacy of this formalism in reproducing the results of 
the relevant class of measurements. The gravitational interactions between "fundamental" particles 
are much much weaker than the other known interactions, and can therefore be neglected in all 
experimental contexts in which we study these particles. 

On the gravity side our present description is based on general relativity. This theory neglects 
all quantum properties of particles. General relativity is a classical-mechanics theory. Our trust 
in general relativity has emerged in experimental studies and observations in which gravitational 
interactions cannot be neglected, such as the motion of planets around the Sun. Planets are 
"composed" of a huge number of fundamental particles, and the additive nature of gravitational 
charge is such that the gravitational charge of a planet (basically its mass/energy) is very large, 
in spite of the fact that each composing fundamental particles carries only a small gravitational 
charge. For a planet its gravitational charge is usually dominant with respect to its other charges. 
Moreover, a planet satisfies the conditions under which quantum theory is in the classical limit: in 
the description of the orbits of the planets the quantum properties of the composing particles can 
be safely neglected. 

General relativity and relativistic quantum mechanics do have some "shared tools", such as 
the concepts of spacetime and fundamental particles, but they handle these entities in profoundly 
different manner. The differences are indeed so profound that it might be natural to expect only 
one or the other language to be successful, but instead, because of the type of experiments in which 
they have been tested so far (two sharply separated classes of experiments in which drastic and 
complementary approximations are allowed), they are both extremely successful. 

Of course, while somewhat puzzling from a philosopher's perspective, all this would not on 
its own amount to a genuine scientific problem. In the experiments we are presently able to 
perform and at the level of sensitivities we are presently able to achieve there is no problem. But 
a scientific problem, which may well deserve to be called "quantum-gravity problem", is found 
if we consider, for example, the structure of the scattering experiments done in particle-physics 
laboratories. Of course there are no surprises in the analysis of processes with, say, an "in" 
state with two particles each with an energy of 10 12 eV, and some appropriate multiparticle out 
state. Relativistic quantum mechanics makes definite (probabilistic but definite) predictions for 
the results of this type of measurement procedures, and our experiments fully confirm the validity 
of these predictions. We are presently unable to redo the same experiment having as "in" state 
two particle with energy of, say, 10 30 ey (i.e. energy higher than the Planck scale E p ~ 10 28 ey), 
but, nonetheless, relativistic quantum mechanics makes a definite prediction for these conceivable 
(but presently undoable) experiments. Of course, this relativistic-quantum-mechanics prediction 
completely neglects gravity. But for collisions of particles of 10 30 eV energy the gravitational 
interactions predicted by general relativity are very strong and gravity should not be negligible, 
contrary to the "desires" of relativistic quantum mechanics. On the other hand also the quantum 
properties predicted for the particles by relativistic quantum mechanics (for example the fuzzyness 
of their trajectories) cannot be neglected, contrary to the "desires" of the classical mechanics of our 
present description of gravity. One could naively attempt to apply both theories simultaneously, 
but it is well established that such attempts do not produce anything meaningful (for example by 
encountering uncontrollable divergences). 
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This "transplankian collisions" picture is one (not necessarily the best) way to introduce a 
quantum-gravity problem. But is the conceivable measurement procedure I just discussed truly 
sufficient to introduce a scientific problem? One ingredient in missing: the measurement procedure 
is conceivable but presently we are unable to perform it. Moreover, one could argue (at least with 
some license to rigor) that we can reliably predict that mankind will never be able to perform the 
measurement procedure I just discussed. There appears to be no need to elaborate predictions for 
the outcomes of that measurement procedure. However, it is easy to see that the measurement 
procedure I just discussed, which does not itself provide us a genuine scientific problem, contains 
the elements of a genuine scientific problem. One relevant point can be made considering the 
experimental/observational evidence we are gathering about the "early Universe". This evidence 
strongly supports the idea that in the early Universe particles with energies comparable to the 
Planck energy scale E p were abundant, and that these particles played a key role in those early 
stages of evolution of the Universe. This does not provide us with opportunities for "good experi- 
ments" (controlled repeatable experiments), but it does represent a context in which proposals for 
the quantum-gravity /Planck-scale realm could be tested. Different scenarios for the physical the- 
ory that applies in the quantum-gravity realm could be compared on the basis of their description 
of the early Universe. The detailed analysis of a given physical theory for the quantum-gravity 
realm could allow us to establish some characteristic predictions for the early Universe and for some 
traces about those early stages of evolution of the Universe which should be accordingly expected 
in our present observations. The theory would be testable on the basis of those predictions for 
our present observations. These early-Universe considerations therefore provide an opportunity for 
comparison between the predictions of a quantum-gravity theory and measurement results. And 
it might not be necessary to resort to cosmology: the fact that (in setting up the quantum-gravity 
problem) we have established some objective limitations of our present theories implies that some 
qualitatively new effects will be predicted by the new theory that applies to the quantum-gravity 
realm. These effects will likely dominate in that realm (in particular, they will affect profoundly 
the results of measurements done on particles with Planck-scale energy), but, as usual, they will 
always be present. For processes involving particles with energy E much smaller than E p the impli- 
cations of a typical quantum-gravity theory will be rather marginal but not alltogether absent. The 
magnitude of the associated effects will typically be suppressed by some small overall coefficient, 
perhaps given by the ratio E/E p , small but different from zero. 

We therefore do have a genuine "quantum-gravity problem" , and this problem has been studied 
for more than 70 years PJ . Unfortunately most of this research has been conducted assuming that 
no guidance could be obtained from experiments. But of course, if there is to be a "science" of 
the quantum-gravity problem, this problem must be treated just like any other scientific problem, 
seeking desperately the guidance of experimental facts, and letting those facts take the lead in the 
development of new concepts. Clearly physicists must hope this works also for the quantum-gravity 
problem, or else abandon it to the appetites of philosophers. 

It is unfortunately true that there is a certain level of risk that experiments might never give 
us any clear lead toward quantum gravity, especially if our intuition concerning the role of the 
tiny Planck length (L p = 1/E p ~ 10~ 35 m., the inverse of the huge Planck scale in natural units) 
in setting the magnitude of the characteristic effects of the new theory turns out to be correct. 
But even if the new effects were really so small we could still try to uncover experimentally some 
manifestations of quantum gravity. This is hard, and there is no guarantee of success, but we must 
try. I shall stress that some degree of optimism could be inspired by considering, for example, the 
prediction of proton decay within certain modern grandunified theories of particle physics. The 
decay probability for a proton in those theories is really very small, suppressed by the fourth power 
of the ratio between the mass of the proton and grandunification scale (a scale which is only some 
three orders of magnitude smaller than the Planck scale), but meaningful experiments have been 
devised. 

While the possibility of a "quantum gravity phenomenology" [2| could be considered, on the 
basis of these arguments, even already in the early days of quantum-gravity research, it is only 
over the last decade that a significant effort has been directed in this direction. My task here is 
to review the accomplishments and provide some outlook on the development of this quantum- 
gravity-phenomenology research. 
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B. Prehistory of quantum-gravity phenomenology 



The concept of a "quantum-gravity-phenomenology literature" only materialized very recently, 
at some point during this past decade of exponential growth of the field. But there had been 
previously some (however rare) examples of studies that admit description as early examples of 
analyses that make contact with experiments/observations and are relevant for the understanding 
of the interplay between general relativity and quantum mechanics. 

Some of the works produced by Chandrasekhar in the 1930s already fit this criterion. In 
particular, the renowned Chandrasekhar limit [3j, which describes the maximum mass of a white- 
dwarf star, was obtained introducing some quantum-mechanical properties of particles (essentially 
Pauli's exclusion principle) within a general-relativistic gravitational-collapse-type analysis. 

A fully rigorous derivation of the Chandrasekhar limit would of course require "quantum grav- 
ity" , but not all of it: it would suffice to master one special limit of quantum gravity, the "classical- 
gravity limit" , in which one takes into account the quantum properties of matter fields (particles) in 
presence of rather strong spacetime curvature (treated however classically). By testing experimen- 
tally the Chandrasekhar-limit formula one is therefore to some extent probing (the classical-gravity 
limit of) quantum gravity. 

Also relevant for the classical-gravity limit of quantum gravity are the relatively more recent 
studies of the implications of the Earth's gravitational field in matter-interferometry experiments. 
Experiments investigating these effects have been conducted since the mid 1970s and are often 
called "COW experiments" from the initials of Colella, Overhauser and Werner who performed the 
first such experiment [4]. The main target of these studies is the form of the Schrodinger equation 
in presence of the Earth gravitational field, which could be naturally conjectured to be of the form 



for the description of the dynamics of matter (with wave function ip(t,r)) in presence of the 
Earth's gravitational potential 4>(r). [In (pTJ) Mj and Mq denote the inertial and gravitational mass 
respectively] 

The COW experiments exploit the fact that the Earth's gravitational potential puts together 
the contributions of a very large number of particles (all the particles composing the Earth) and, 
as a result, in spite of its per-particle weakness, the overall gravitational field is large enough to 
introduce observable effects. 

Valuable reading material relevant for these COW experiments can be found in Refs. 0, i, 0] . 
While the basic message is that a gravity-improved Schrodinger equation of the form ([!]) is indeed 
essentially applicable, some interesting discussions have been generated by these COW experiments, 
particularly as a result of the data reported by one such experiment [8j] (data whose reliability is 
still being debated) , which some authors have interpreted a a possible manifestation of a violation 
of the Equivalence Principle. 

In the same category of studies relevant for the classical-gravity limit of quantum gravity I 
should mention some proposals put forward mainly by Anandan (see, e.g., Ref. [9J]), already in the 
mid 1980s, and some very recent remarkable studies which test how the gravitational field affects 
the structure of quantum states (for example in Ref. [101] it is established that ultracold neutrons 
falling towards a horizontal mirror form gravitational quantum bound states). 

In works published in the 1980s and early 1990s, one finds the first examples of "prehistorical" 1 
phenomenological studies contemplating candidate quantum-gravity effects that are not simply 
obtained by combining classical general relativity and ordinary quantum mechanics, i.e. candidate 



1 Particularly the studies reported Refs. fill . [13 ] and Refs. 

0,111 ( and 

actually all the studies I mention in this 
subsection) should be viewed, as I stress again later in this review, as pioneer studies which were setting the stage 
for the advent of the (somewhat different but related) techniques which allowed quantum-gravity phenomenology 
to flourish over the last decade. I label them as "prehistorical" only to emphasize that there is no record of them in 
contemporary descriptions of the status of quantum-gravity research (they were overlooked by the most influential 
quantum-gravity reviews of the time). 




(1) 
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effects for a quantum-gravity realm that is beyond the classical-gravity limit. One example is 
provided by the studies of Planck-scale-induced CPT-symmetry violation and violations of ordinary 

and references therein (also see, for what concerns 



quantum mechanics reported in Refs. 
mainly the CPT-symmetry aspects, Refs 




1 161 . Il7l|). which are particularly relevant for the 



14| | considering 



analysis of data [18f] on the neutral-kaon system. A second example are works 
violations of ordinary quantum mechanics of a type describable in terms of the "primary-state- 
diffusion" formalism, with results that could be relevant for atom interferometry. 



C. Genuine Planck-scale sensitivity and the dawn of quantum-gravity phenomenology 

The "prehistorical" works I mentioned in the previous subsection truly were already rather 
significant: some were essentially establishing that there are good opportunities for the investigation 
of the classical-gravity limit of quantum gravity (which could provide valuable constraints on 
quantum-gravity model building) and works such as the ones in Ref. [HI] and Ref. [HJ] were showing 
that, at least in some cases, it is possible to gain experimental high-sensitivity access to effects that 
could naturally be part of the correct quantum gravity. But, in spite of their objective significance, 
these studies did not manage to have an impact on the overall development of quantum-gravity 
research. For example, all mainstream quantum-gravity reviews up to the mid 1990s still only 
mentioned the "experiments issue" in the form of some brief remarks amounting to the folkloristic 
slogan "to test Planck scale effects we would need to build a particle accelerator all around our 
galaxy" . 

This fact that up to the mid 1990s the possibility of a quantum-gravity phenomenology was 
mostly ignored resulted in large part from a common phenomenon of " human inertia" that affects 
some scientific communities, but a small part was also played by a meaningful technical observation: 
the studies available up to that point relied on models with the magnitude of the effect set by a 
free dimensionless parameter, and at best the sensitivity of the experiment was at a level such 
that the dimensionless parameter could be described as a ratio between the Planck length and one 
of the characteristic length scales of the relevant physical context. It is of course true that this 
kind of dimensional-analysis reasoning does not amount to really establishing that the relevant 
candidate quantum-gravity effect is being probed with Planck-scale sensitivity, and this resulted 
in a perception that such studies, while deserving some interest, could not be described genuinely 
as probes of the quantum-gravity realm. For some theorists a certain level of uneasiness also 
originated from the fact that the formalisms adopted in studies such as the ones in Ref. |l2] and 
Ref. [14] involved rather virulent departures from quantum mechanics. 

Still it turned out that those pioneer attempts to investigate the quantum-gravity problem 
experimentally were setting the stage for what then became quantum-gravity phenomenology. 
The situation started to evolve rather rapidly when in the span of just a few years, between 
1997 and 2000, several analyses were produced describing different physical contexts in which 
effects introduced genuinely at the Planck sale could be tested. It started with some analyses of 
observations of gamma-ray bursts at sub-MeV energies [HI, H(3, HH , then came some analyses of 
large laser-light interferometers [H, 23|, 13] , quickly followed by the first discussions of Planck scale 



effects relevant for the analysis of ultra-high-energy cosmic rays I25l. |26I . |27| ] and the first analyses 
relevant for observations of TeV gamma rays from Blazars [2a. |27|. |28| (also see Ref. [29l]). 

In particular, the fact that some of these analyses (as I discuss in detail later) considered Planck- 
scale effects amounting to departures from classical Lorentz symmetry played a key role in their 
ability to have an impact on a significant portion of the overall quantum-gravity-research effort. 
Classical Lorentz symmetry is a manifestation of the smooth (classical) light-cone structure of 
Minkowski spacetime, and it has long been understood that by introducing new "quantum features" 
(e.g. discreteness or noncommutativity of the spacetime coordinates) in spacetime structure, as 
some aspects of the "quantum-gravity problem" might invite us to do, the Lorentz symmetry may 
be affected. And the idea of having some departure from Lorentz symmetry does not necessarily 
require violations of ordinary quantum mechanics. Moreover, by offering an opportunity to test 
quantum-gravity theories at a pure kinematical level, these "Lorentz-symmetry-test proposals" 
provided a path toward testability that appeared to be accessible even to the most ambitious 
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theories that are being considered as candidates for the solution of the quantum gravity problem. 
Some of these theories are so complex that one cannot expect (at least not through the work of only 
a few generations of physicists) to extract all of their physical predictions, but the kinematics of 
the "Minkowski limit" m ay w ell be within our reach. An example of this type is provided by Loop 
Quantum Gravity [30l. l3ll. l32l. l33l]. where one is presently unable to even formulate many desirable 
physics questions, but at least some (however tentative) progress has been made [13, H, [H, HH] in 
the exploration of the kinematics of the Minkowski limit. 

From a pure-phenomenology perspective the late-1990s transition is particularly significant, 
as I shall discuss in greater detail later, for what concerns falsifiability. Some of the late-1990s 
phenomelogy proposals concern effects that one can imagine honestly deriving in a given quantum- 
gravity theory. Instead the effects described for example in studies such as the ones reported in 
Ref. O and Ref. [I| were not really derived from proposed solutions of the quantum-gravity 
problem but rather they were inspired by some paths toward the solution of the quantum-gravity 
(the relevant formalisms were not really manageable to the point of allowing a rigorous derivation 
of the nature and size of the effects under study, but some intuition for the nature and size of the 
effects was developed combining our limited understanding of the formalisms and some heuristics). 
Such a line of reasoning is certainly valuable, and can inspire some meaningful "new physics" 
experimental searches, but if the results of the experiments are negative the theoretical ideas that 
motivated them are not falsified: when the link from theory to experiments is weak (contaminated 
by heuristic arguments) it is not possible to follow the link in the opposite direction (use negative 
experimental results to falsify the theory). Through further developments of the work that started 
in the late 1990s we are now getting close to taking quantum-gravity phenomenology from the 
mere realm of searches of quantum-gravity effects (which are striking if they are successful but 
have limited impact if they fail) to the one of "falsification tests" of some theoretical ideas. This 
is a point that I am planning to convey strongly with some key parts of this review, together with 
another sign a maturity of quantum-gravity phenomenology: the ability to discriminate between 
different (but similar) Planck-scale physics scenarios. Of course, in order for a phenomenology to 
even get started one must find some instances in which the new-physics effects can be distinguished 
from the effects of old-physics theories, but a more mature phenomenology should also be able to 
discriminate between similar (but somewhat different) new-physics scenarios. 

Together with some (however slow) progress toward establishing the ability to falsify mod- 
els and discriminate between models, this past decade of quantum-gravity phenomenology has 
also shown that the handful of examples of "Planck-scale sensitivities" that generated excitement 
between 1997 and 2000 were not a "one-time lucky streak": the list of examples of experimen- 
tal/observational contexts in which sensitivity to some effects introduced genuinely at the Planck 
scale is established (or found to be realistsically within reach) has continued to grow at a steady 
pace, as the content of this review will indicate, and the number of research groups joining the 
quantum-gravity-phenomenology effort is also growing rap idly . And it is not uncommon for recent 
quantum-gravity reviews [37], [H, [H, H3, 5H (also see Ref. [i!]), even when the primary focus is on 



developments on the mathematics side, to discuss in some detail (and acknowledge the significance 
of) the work done in quantum-gravity phenomenology. 



D. The simplest/clearest example of genuine Planck-scale sensitivity 

So far my preliminary description of quantum-gravity phenomenology has a rather abstract 
character. It may be useful to now provide a simple example of analysis that illustrates some of 
the concepts I have discussed and makes absolutely clear the fact that effects genuinely introduced 
at the Planck scale could be seen. 

For these objectives it serves me well to consider the Planck-scale effect codified by the following 
energy-momentum (dispersion) relation 

m 2 ~£ 2 -/ + r? / (^j , (2) 



5 



where E p denotes again the Planck scale and 77 is a phenomenological parameter. This is a good 
choice because convincing the reader that I am dealing with an effect introduced genuinely at the 
Planck scale is in this case effortless. It is in fact well known (see, e.g., Ref. [H(]) that this type of 
E~ 2 corrections to the dispersion relation can result from discretization of spacetime on a lattice 

with Ep 1 lattice spacing 2 . 

If such a modified dispersion relation is part of a framework where the laws of energy-momentum 
conservation are unchanged one easily finds [25|, [26|, [2?], HH significant implications for the cosmic- 
ray spectrum. In fact, the "GZK cutoff", a key expected feature of the cosmic-ray spectrum, is 
essentially given by the threshold energy for cosmic-ray protons to produce pions in collisions with 
CMBR photons. In the evaluation of the threshold energy for p + 'Jcmbr P + the correction 
term rjp 2 E 2 /E 2 of ([2]) can be very significant. Whereas the classical-spacetime prediction for the 
GZK cutoff is around 510 19 ey, at those energies the Planck-scale correction to the threshold turns 



out |25|, |26|, |27|, |28( to be of the order of ^/(eE 2 ), where e is the typical CMBR-photon energy. 



For positive values of rj, even somewhat smaller 3 than 1, this amounts to an observably large shift 
of the threshold energy, which should easily be seen (or excluded) once the relevant portion of the 
cosmic-ray spectrum becomes well known. 

Of course, the same effect is present and is even more significant if instead of a E~ 2 correction 
one introduces in the dispersion relation a correction of E^ 1 type. 

The quality of data on the ultra-high-energy portion of the cosmic-ray spectrum has improved 
very significantly in recent times, especially as a result of observations performed at the Pierre 
Auger Observatory. In a later part of this review I shall discuss the indications that are emerging 
form these observations and their relevance for some aspects of quantum-gravity phenomenology. 

Let me here use this cosmic-ray context also as an opportunity to discuss explicitly a first 
example of the type of " amplifier" which is inevitably needed in quantum-gravity phenomenology. 
It is easy to figure out @, l27l | that the large ordinary-physics number that acts as amplifier of 
the Planck-scale effect in this case is provided by the ratio between a ultra-high-energy cosmic-ray 
proton ultra-high energy, which can be of order W 20 eV, and the mass (rest energy) of the proton. 
In this case the amplification is not achieved by gaining sensitivity to the collective result of many 
minute effects (this is the case of other quantum-gravity-phenomenology proposals), but rather by 
finding a context in which a single new-physics effect is strongly amplified. The same Planck-scale 
threshold analysis of the process p + 7 — ► p + ir for protons of laboratory-accessible energies of, say, 
ITeV produces a completely negligible Planck-scale correction (since the ratio of energy versus 
mass for a ITeV proton is "only" of order 10 3 ). 



E. Characteristics of the experiments 

The first step for the search of experiments relevant for quantum gravity is of course the estimate 
of the characteristic scale of this new physics. This is a point on which we have relatively robust 
guidance from theories and theoretical arguments: the characteristic scale at which non-classical 
properties of spacetime physics become large (as large as the classical properties they compete 



2 The idea of a rigid lattice description of spacetime is not really one of the most advanced for quantum-gravity 
research, but this consideration is irrelevant at this stage: in order to get this phenomenology started we first must 
establish that the sensitivities we have are sufficient for effects as small as typically obtained from introducing 
structure at the Planck scale. The smallness of the effect in ([2]) is clearly representative of the type of magnitude 
that quantum-gravity effects are expected to have, and the fact that it can also be obtained from a lattice with 
Ep 1 spacing confirms this point, ft is at a later stage of the development of this phenomenology that we should 
become concerned with testing "plausible quantum-gravity models" (if that means anything). Still it is noteworthy 
that, as discussed in some detail later in this review, some modern quantum-gravity-research ideas, such as the one 
of spacetime noncommutativity, appear to give rise to the same type of effect, and actually in some cases one is 
led to considering effects similar to (J2]| but with a weaker (and therefore more testable) Planck-scale suppression, 
going like E~ x rather than E~ 2 . 

3 Of course the quantum-gravity intuition for 77 is 77 ~ 1. 
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with) should be 4 the Planck length L p ~ 10 35 m (or equivalently its inverse, the Planck scale 
E p ~ W 28 eV). 

The next step requires some intuition for the type of effects that quantum-gravity theories 
might predict. Unfortunately, in spite of more than 70 years of theory work on the quantum- 
gravity problem, and a certain proliferation of theoretical frameworks being considered, there is 
only a small number of physical effects that have been considered within quantum-gravity theories. 
Moreover, most of these effects concern strong-gravity/large-curvature contexts, such as black- 
hole physics and big-bang physics, which are exciting at the level of conceptual analysis and 
development of formalism, but of course are not very promising for the actual (experimental) 
discovery of manifestations of non-classical properties of spacetime and/or gravity. 

Actually, it might be preferable to focus on the implications of quantum gravity for the 
"Minkowski limit" (no curvature, at least at some coarse-grained level of description of space- 
time). The effects are likely to be less significant than, say, in black hole physics (in some aspects 
of black hole physics quantum-gravity effects might even dominate over classical-physics effects) , 
but for the Minkowski limit the quality of the data we can obtain is extremely high, and in some 
cases can compensate for an expected large suppression of quantum-gravity effects, a suppression 
which is likely to take the form of some power of the ratio between the Planck length and the 
wavelength of the particles involved. 

The presence of these suppression factors on the one hand reduces sharply our chances of actually 
discovering quantum- gravity effects, but on the other hand simplifies the problem of figuring out 
what are the most promising experimental contexts, since these experimental contexts must enjoy 
very special properties which would not go easily unnoticed. For laboratory experiments even an 
optimistic estimate of these suppression factors leads to a suppression of order 10 -16 , which one 
obtains by assuming (probably already using some optimism) that at least some quantum-gravity 
effects are only linearly suppressed by the Planck length and taking as particle wavelength the 
shorter wavelengths we are able to produce (~ 10~ 19 m). In astrophysics (which however limits one 
to "observations" rather than "experiments") particles of shorter wavelength are being studied, 
but even for the highest energy cosmic rays, with energy of ~ !0 20 eV and therefore wavelengths of 
~ 10~ 27 m, a suppression of the type L p /X would take values of order 10~ 8 . It is mostly as a result 
of this type of considerations that traditional quantum-gravity reviews considered the possibility of 
experimental studies with unmitigated pessimism. However, the presence of these large suppression 
factors surely cannot suffice for drawing any conclusions. Even just looking within the subject of 
particle physics we know that certain types of small effects can be studied, as illustrated by the 
example of the remarkable limits obtained on proton instability. The prediction of proton decay 
within certain grandunified theories of particle physics is really a small effect, suppressed by the 
fourth power of the ratio between the mass of the proton and grandunification scale, which is only 
three orders of magnitude smaller than the Planck scale. In spite of this horrifying suppression, of 
order [m prot on/ E gu tf ~ 10 -64 , with a simple idea we have managed to acquire full sensitivity to 
the new effect: the proton lifetime predicted by grandunified theories is of order 10 39 s and quite a 
few generations of physicists should invest their entire lifetimes staring at a single proton before its 
decay, but by managing to keep under observation a large number of protons (think for example 
of a situation in which 10 33 protons are monitored) our sensitivity to proton decay is dramatically 
increased. In that context the number of protons is the (ordinary-physics) dimensionless quantity 
that works as "amplifier" of the new-physics effect. 



4 I do not plan to review here all the arguments that single out the Planck length, but I shall offer some related 
observations in parts of Section V. There is truly a large number of, apparently independent, arguments that all 
converge to this scale, and it is certainly fair to characterized the indication of this characteristic scale as the 
most robust element of guidance for quantum-gravity phenomenology. Still one should take notice of some recent 
studies, on which I shall comment briefly in parts of Section V, that are finding ways to effectively increase the 
size of the quantum-gravity characteristic length scale: those arguments are not in any way "natural" (on the 
contrary they are often rather contrived) but they still do provide a meaningful invitation toward keeping at least 
a minimum level of prudence with respect to the assumption that the Planck scale should be the characteristic 
scale of quantum-gravity effects. 
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Outside of particle physics more success stories of this type are easily found: think for example of 
the brownian-motion studies conducted already a century ago. Within the 1905 Einstein description 
one uses Brownian-motion measurements on macroscopic scales as evidence for the existence of 
atoms. For the Brownian-motion case the needed amplifier is provided by the fact that a very 
large number of microscopic process intervenes in each single macroscopic process that is being 
measured. 

It is hard but clearly not impossible to find experimental contexts in which there is effectively 
a large amplification of some small effects of interest. And this is the strategy that is adopted [4] 
in the quantum-gravity-phenomenology attempts to gain access to the Planck-scale realm. 



F. The role of test theories 

The fact that the formalisms being considered as solutions for the quantum-gravity problem 
(think for example of String Theory and Loop Quantum Gravity) are so complex that very lit- 
tle is understood of their truly physical implications has of course profound implications for the 
development of quantum-gravity phenomenology (and in turn of course affects the structure of 
this review) . One typically does not compare with experimental data the predictions of some given 
quantum-gravity theory, but rather compares to data the predictions of an associated " test theory" , 
a model that is inspired by some features we do understand (usually not more than qualitatively or 
semi-quantitatively) of the original theory but casts them within a simple framework that is well 
suited for comparison to experiments (but for which there is no actual guarantee of full equivalence 
to the original theory). 

These test theories are needed to bridge the gap between the experimental data and our present 
understanding of the relevant formalisms. And their careful development is in itself an interesting 
challenge, since they should capture as much as possible the structure of the original theories and 
be of the widest possible applicability (test theories with enough structure to be applicable in the 
analysis of a large class of experimental contexts), but in adding structures to these test theories 
one should limit as much as possible the risk of assuming properties that could turn out not to be 
verified once we understand the original formalisms better. 

Essentially in working in quantum-gravity phenomenology one must first develop some intuition 
for some candidate quantum-gravity effects (both from the structure of the formalisms that are 
being considered in the search of a solution to the quantum-gravity problem and, in a few cases, also 
directly from the structure of the quantum-gravity problem) and then develop some test theories 
of these candidate effects to be used as guidance for experimental searches. And by making 
reference to some carefully tailored test theories we also essentially establish a common language 
in assessing the progresses made in improving the sensitivity of experiments, a language that must 
be suitable for access both from the side of experimentalists and from the side of those working at 
the development of the quantum-gravity theories. 



G. The role of falsifiable quantum-gravity theories of not everything 

Let me also try to characterize an extra layer of theory work, to be located somewhere between 
test theories and proposed full solutions of the quantum-gravity problem. Test theories are ex- 
clusively a tool to be used in bridging the gap between the real of experiments and the study of 
proposed full solutions of the quantum-gravity problem, so they still intend to contribute to the 
traditional strategy of quantum-gravity research, which essentially reflects the hope of solving all 
the aspects of the quantum- gravity problem in one step, with a single ingenious theory proposal. 
The difficulties encountered by proposed full solutions to the quantum-gravity problem in making 
contact with experiments can however be interpreted as an indication that perhaps this tradi- 
tional strategy might be too ambitious: by seeking formalisms suitable for a full solution of the 
quantum-gravity problem one may well achieve remarkable conceptual breakthroughs, but then 
the complexity of those formalisms obstructs the path toward the realm of experiments. It might 
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be wiser to at least direct part of our efforts toward the study of theories focusing on some spe- 
cific aspects of the quantum-gravity problem, in addition to the traditionally large effort directed 
toward to the study of full solutions of the quantum-gravity problems. This alternative strategy 
would essentially look at the quantum-gravity problem as something that must be solved putting 
together a few "small steps" rather than making a single huge jump. 

The possibility to contemplate such "quantum-gravity theories of not everything" is actually 
rather natural considering the fact that the "quantum-gravity problem" can indeed be described in 
terms of several "subproblems" , each challenging us perhaps as much as some full open problems 
of other areas of physics. To mention just a few of these "subproblems" let me notice that: (i) 
it appears likely that the solution of this problem requires a nonclassical description of spacetime 
geometry, (ii) quantum gravity might have to be profoundly different (from an "information-theory 
perspective") from previous fundamental-physics theories, as suggested by certain analyses of the 
evolution of pure states in a black-hole background, (iii) the perturbative expansions that are often 
needed for the analysis of experimental data might require the development of new techniques, 
since it appears that the ones that rely on perturbative renormalizability might be unavailable, 
and (iv) we must find some way to reconcile general-relativistic background independence with the 
apparent need of quantum mechanics to be formulated in a given background spacetime. 

Well-known examples of "quantum-gravity theories of not everything" are theories formulated 
in noncommutative spacetimes. These can be used to explore the possibility that the correct 
"fundamental" description of spacetime should not rely on a conventional classical smooth geome- 
try. Clearly quantum-gravity should require us to do much more than merely introduce spacetime 
noncommutativity. And most of the proposed theories with spacetime noncommutativity actu- 
ally assume a fixed background noncommutative spacetime, so there is not even room for genuine 
gravitational interactions. However, while these limitations are certainly significant, the study of 
theories in noncommutative spacetime could give a very valuable contribution to the overall solu- 
tion of the quantum-gravity problem. If we actually managed to establish that a certain type of 
spacetime noncommutativity actually does apply at least in some limit of quantum-gravity then 
this in turn could provide some valuable guidance 5 toward the full solution of the quantum-gravity 
problem. 

From the perspective of quantum-gravity phenomenology these "quantum-gravity theories of 
not everything" are particularly appealing since they are a bit simpler than full solutions of the 
quantum-gravity problem, and it appears more realistic to be able to analyze them deeply enough to 
establish some of their falsifiable predictions. Of course for a quantum-gravity phenomenologist no 
other property of a theory is more important than falsifiability. As I shall stress later in this review 
we are very close to establishing that field theories in noncommutative spacetimes are "falsifiable 
quantum-gravity theories of not everything" and there are other types of "quantum-gravity theories 
of not everything" for which it appears legitimate to be hopeful with respect to the prospects of 
falsifiability. 



H. Schematic outline of this review 

A list of candidate quantum-gravity effects, in the sense I just described, is given in the next 
Section. The rest of this review attempts to describe the status of searches of these candidate 
quantum-gravity effects. Section III focuses on effects that amount to Planck-scale departures 
from Lorentz/Poincare symmetry, which is the type of effects on which the most energetic phe- 
nomenology effort has been so far directed. The content of Section III has some overlap with another 
Living Review in Relativity [43|] that described the status of modern tests of Lorentz symmetry, 
and therefore was in part also devoted to quantum-gravity-motivated such tests. My perspective 



5 These remarks are also based on the much-discussed "double role" of gravitational fields: in general-relativistic 
theories, the gravitational field is not just used to describe "gravitational interactions" but also characterizes the 
structure of spacetime itself. If we acquire robust intuition on some properties of spacetime this can guide us 
toward some constraints that should be in general imposed on the properties of gravity fields. 
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will however be rather different, focused on the quantum-gravity-motivated searches and also using 
the example of Lorentz/Poincare-symmetry tests to comment on the level of maturity reached by 
quantum-gravity phenomenology for what concerns the falsification of (test) theories and the dis- 
crimination between different but similar theories. Then in Section IV I describe the status of the 
rest of quantum-gravity phenomenology, i.e. searches of candidate quantum-gravity effects that 
are not (at least not necessarily) linked with departures from Lorentz/Poincare symmetry. Both 
Section III and Section IV focus on the standard setup of quantum-gravity-phenomenology stud- 
ies, which essentially relies on a perturbative approach, primarily characterized by the smallness 
of the Planck length, so that the magnitude of the effects is set (in leading order) by some power 
of the ratio between the Planck length and another relevant length scale In Section V I give some 
examples of mechanisms that might cause this standard setup to be inapplicable, including the 
possibility of IR/UV mixing and the possibility of large extra dimensions. Section VI offers some 
closing remarks. 



I. Sensitivities rather than limits 

In providing my description of the present status of quantum-gravity phenomenology I shall here 
rather conservatively make reference to the sensitivities that are within reach for certain classes 
of experiments/observations. The analysis of sensitivities was the traditional exercise a decade 
ago, in the early days of modern quantum-gravity phenomenology, since the key objective then 
was to establish that quantum-gravity phenomenology has the right to "exist", by showing that 
indeed sensitivity to effects introduced genuinely at the Planck scale was achievable. In light of 
the observation I already reported in Subsection I.D (and several other observations reported later 
in this review) the "case for existence" of quantum-gravity phenomenology is at this point well 
settled. We are now entering a more mature phase in which for some candidate quantum-gravity 
effects the development of suitable test theories is at a rather advanced stage of development and 
a preliminary effort of placing experimental bounds ("limits") on the parameters of these test 
theories is under way. 

At the time of writing this first version of the " Living Review of quantum-gravity phenomenol- 
ogy" the transition "from sensitivities to limits" is however not yet complete. I will describe the 
transition as completed when the quantum-gravity-phenomenology community has developed the 
tools to establish experimental limits with the level of robustness found in other areas of phe- 
nomenology (such as particle-physics phenomenology), whereas in this transition period too often 
limits are claimed in the literature on the basis of a single little-understood experimental result 
(often a single observation in astrophysics) and most of the test theories are not yet developed to 
the point of rendering really meaningful the effort of placing limits on their parameters. This is of 
course a key issue, and throughout this review I will find opportunities to discuss in more detail 
my concerns and offer some remarks that are relevant for the needed transition "from sensitivities 
to limits" . I will also stress some examples in which the experimental situation is actually rather 
robustly established, and I will provide some examples of analyses in which a reasonably well de- 
veloped test theory is already available. But the "default mode" of this first version of the review 
provides descriptions of sensitivities only. I do plan to keep this really a "living" review, and with 
each update readers should find the emphasis gradually going more and more from sensitivities to 
experimental limits. 



II. SOME CANDIDATE QUANTUM-GRAVITY EFFECTS 

Compiling a list of candidate quantum-gravity effects is actually not straightforward. Analogous 
situations in other areas of physics are usually such that there are a few new theories which have 
started to earn our trust by successfully describing some otherwise unexplained data, and then 
often we let those theories guide us toward new effects that should be looked for. The theories 
that are under consideration for the solution of the quantum-gravity problem cannot yet claim 
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any success in the experimental realm. Moreover, even if we wanted to used them as guidance for 
experiments the complexity of these theories proves to be a formidable obstruction. What we can 
do with these theories is to look at their general structure and use this as a source of intuition 
for the proposal of a few candidate effects. Other candidate quantum-gravity effects are suggested 
by the general structure of the quantum-gravity problem itself: It happens to be the case that by 
looking at the type of presently-unanswered questions for which quantum-gravity is being sought, 
one is led to considering a few candidate effects. 



A. Planck-scale departures from classical-spacetime symmetries 

Many arguments [H, [H, EH El, HE H3] based on the general structure of the 
quantum-gravity problem suggest that the correct fundamental description of spacetime should 
involve some form of "quantization", such as in discrete or noncommutative spacetime pictures. 
This in turn encourages us to contemplate the possibility of Planck-scale violations of the smooth 
classical symmetries of classical spacetimes. Let us consider in particular the Minkowski limit, the 
one described by the classical Minkowski spacetime in current theories: there is a duality one-to- 
one relation between the classical Minkowski spacetime and the classical (Lie-) algebra of Poincare 
symmetric Poincare transformations are smooth arbitrary-magnitude classical transformations 
and it is rather obvious that they should be put under scrutiny 6 if the classical Minkowski spacetime 
is replaced by a quantized/discretized version. 

The most active quantum-gravity-phenomenology research area is indeed the one consider- 
ing possible Planck-scale departures from Poincare/Lorentz symmetry. One possibility that of 
course has been considered in detail is the one of some symmetry-breaking mechanism affecting 
Poincare/Lorentz symmetry. An alternative, which I advocated a few years ago is the one of 
a "spacetime quantization" which deforms but does not break (in a sense that I discuss in the next 
section) some spacetime symmetries. 

Besides the analysis of the general structure of the quantum-gravity problem, encouragement for 
these Poincare/Lorentz-symmetry studies is found also within some of the most popular approaches 
to the quantum-gravity problem. In the standard formulation of String Theory, which is a theory 
formulated in a classical background spacetime, there is of course no a priori reason to expect 
departures from classical Poincare symmetry when the classical Minkowski background is adopted. 
Still in recent years there has been much discussion of the possibility that a relevant antisymmetric 
tensor might have a vacuum expectation [56] and give rise to departures from Poincare symmetry. 

According to the present understanding of Loop Quantum Gravity the fundamental description 
of spacetime involves some intrinsic discretization [30 . l3ll . l32l ]. and, although very little of robust 
is presently known about the Minkowski limit of the theory, several indirect arguments suggest 
that this discretization ends up inducing departures from classical Poincare symmetry. While most 
of the Loop-Quantum-Gravity literature on the fate of Poincare symmetries argues for symmetry 
violation (see e.g. Refs. [ITj, HH), there are some candidate mechanisms (see e.g. Refs. [H, H3]) 
that appear to provide opportunities for a deformation of symmetries in Loop Quantum Gravity. 

A growing number of quantum-gravity researchers are also studying noncommutative versions 
of Minkowski spacetime, which are promising candidates as "quantum-gravity theories of not ev- 
erything", i.e. opportunities to get insight on some, but definitely not all, aspects of the quantum- 
gravity problem. For the most studied examples, canonical noncommutativity, [xfj,,x u ] = iO^v, and 
K-Minkowski noncommutativity, [x m ,i] = ix m /n , [x m ,x;] = 0, the issues relevant for the fate of 
Poincare symmetry are very much in focus, and departures from Poincare symmetry appear to be 
inevitable 7 . 



6 Of course, a space with some elements of quantization/discreteness may have classical continuous symmetries, but 
only if things are arranged in an ad hoc manner [54 ] . Typicall y qu antization/discretization of spacetime observables 
does lead to departures from classical spacetime symmetries [5J] . So clearly spacetime-symmetry tests should be a 
core area of quantum-gravity phenomenology, but to be pursued with the awareness that spacetime quantization 
does not automatically affect spacetime symmetries (it typically does but not automatically). 

7 In the case of canonical noncommutativity evidence of some departures from Poincare symmetry are found both 
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B. Planck-scale departures from CPT symmetry 

Perhaps the most intelligible evidence of a Planck-scale effect would be a violation of CPT 
symmetry. CPT symmetry is in fact protected by a theorem in our current (Minkowski-limit) 
theories, mainly as a result of locality and Poincare symmetry. The fact that the structure of 
the quantum-gravity problem invites us to consider spacetimes with some element of nonlocality 
and/or departures from Poincare symmetry clearly opens a window of opportunity for Planck-scale 
violations of CPT symmetry. 

Unfortunately a proper analysis of CPT symmetry requires a level of understanding of the 
formalism that is often beyond our present reach in quantum-gravity research. In Loop Quantum 
Gravity one should have a good control of the Minkowski (classical-) limit, and of the description 
of charged particles in that limit, and this is well beyond what can be presently done within Loop 
Quantum Gravity. 

Similar remarks apply to spacetime noncommutativity, although in that case some indirect 
arguments relevant for CPT symmetry can be meaningfully structured. For example, in Ref. [6(| 
it is observed that certain types of spacetime noncommutativity appear to require a deformation 
P (parity) transformations, which would of course result in a corresponding deformation of CPT 
transformations. 

Within the most popular formulation of the String Theory ("critical", supersymmetric) one 
sees no a priori reasons to encounter departures from CPT symmetry, at least as long as the 
theory is formulated in a classical Minkowski background. The mentioned mechanism involving a 
vacuum expectation value for a tensor field, besides inducing departures from Poincare symmetry, 
of course (because of the role that Poincare symmetry plays in the CPT theorem) would also open 
the possibility of CPT violations. And there is a variant of String Theory, the so-called Liouville 
String Model [6l|, [62|], which is characterized primarily by the fact that, unlike the most followed 
formulation of String Theory, it does not adopt the "critical number of spacetime dimensions" 
criterion, where evidence of violations of CPT symmetry has been reported [l|. 



C. Distance fuzziness and spacetime foam 

The fact that the structure of the quantum-gravity problem suggests that the classical descrip- 
tion of spacetime should give way to a nonclassical one at scales of order the Planck scale has 
been used extensively as a source of inspiration concerning the proper choice of formalism for the 
solution of the quantum-gravity problem. A description that is often used to give some intuition 
for the effects induced by spacetime nonclassicality is Wheeler's "spacetime foam", which however 
does not amount to a definition (at least not a scientific/operative definition). As I shall discuss 
in parts of Section IV, a few attempts to characterize operatively the concept of spacetime foam 
and to introduce corresponding test theories have been recently developed. Unfortunately, for 
spacetime foam (at least when characterized in this way) very little guidance can be obtained from 
the most studied quantum- gravity theories. Once again String Theory could not provide guidance 
for these studies as long as it is formulated in a classical Minkowski background (although things 
might chance if/when a suitable formalization of the "Generalized Uncertainty Principle" [461. [631] 
is found). In Loop Quantum Gravity this type of physics characterization of spacetime foam is 
not presently available. And remarkably even with spacetime noncommutativity, an idea that was 
mainly motivated by the spacetime-foam intuition of a nonclassical spacetime, we are presently 
unable to describe, for example, an interferometer with the type of crisp physical characterization 
needed for phenomenology. 



if # M „ is a fixed tensor [H(| or a fixed observer-independent matrix [Hil. IH^. The possibility to preserve classical 
Poincare symmetry is instead still not excluded in what was actually the earliest approach [48J based on [:r M , £„] = 
iOpv, where for # M „ researchers are seeking a formulation with richer algebraic properties. 
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D. Decoherence 



For approaches to the quantum-gravity problem which assume that Quantum Mechanics should 
be revised in merging with General Relativity, one of the most popular effects is decoherence. This 
may be also motivated using heuristic arguments, based mainly on quantum field theory in curved 
spacetimes, which suggest that black holes radiate thermally, with an associated "information-loss 
problem" . 

The most followed approaches to the study of the quantum-gravity problem all essentially 
assume (at present) that quantum mechanics should not be significantly revised, and are therefore 
not in a position to motivate decoherence studies. A description of decoherence has been inspired 
by the mentioned Liouville String Model [6lL l62 | . and is essentially the core feature of the formalism 
advocated by Percival and collaborators [13|, [lj] . 



E. Planck-scale departures from the Equivalence Principle 

Various perspectives on the quantum-gravity problem appear to suggest departures from one 
or another (stronger or weaker) form of the Equivalence Principle. One of the simplest such 
arguments is based on the observation that locality is a key ingredient of the present formulation 
of the Equivalence Principle. In fact, the Equivalence Principle ensures that (under appropriate 
conditions) two point particles would go on the same geodesic independently of their mass. But 
it is well established that this is not applicable to extended bodies, and presumably also not 
applicable to "delocalized point particles" (point particles whose position is affected by uncontrolled 
uncertainties), and presumably also particles in a spacetime that is nonclassical and therefore sets 
absolute limitations on the identification of a spacetime point. 

Violations of the Equivalence Principle are however not (yet) much studied from a quantum- 
gravity phenomenology perspective and are mostly ignored in main-stream quantum-gravity re- 
search. A counter-example are the string-theory-inspired studies reported in Ref. [6J, [65[ and 
references therein, which actually provide a description of violations of the Equivalence Principle 
at a level which might soon be within our experimental reach. 



III. POINC ARE-SYMMETRY TESTS 

The largest area of quantum-gravity-phenomenology research concerns the fate of Poincare 
symmetry at the Planck scale. In particular, a large effort is focused on one of the implications of 
Poincare symmetry: the form of energy-momentum (dispersion) relation. 

Before discussing some actual phenomenological analyses it is appropriate to do some prepara- 
tory work. This will include some comments on the "Minkowski limit of Quantum Gravity", which 
I have already referred to but should be discussed a bit more carefully in preparation for this 
section. And I find appropriate to give a brief but self-contained description of "doubly-special 
relativity" , which is a scenario with deformation of Poincare symmetry, alternative to the standard 
symmetry-breaking scenarios. This is not going to present arguments in favour (or against) of the 
doubly-special-relativity proposal, but simply to introduce it sharply enough to be meaningfully 
considered in the context of the phenomenological analyses. 

And still before going to the discussion of phenomenological analyses, in light of the central 
role played by the dispersion relation, it will be appropriate to do some preparatory work, mainly 
to motivate some test theories which I will use in characterizing the sensitivities achievable with 
certain types of data analyses. 
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A. Some relevant concepts 

1. The Minkowski limit 

In our current conceptual framework Poincare symmetry emerges in situations that allow the 
adoption of a Minkowski metric throughout. This situations could be described as the "classical 
Minkowski limit". 

It is not inconceivable that quantum gravity might admits a limit in which one can assume 
throughout a (expectation value of the) metric of Minkowski type, but some Planck-scale features 
of the fundamental description of spacetime (such as spacetime discreteness and/or spacetime 
noncommutativity) are still not completely negligible. This "nontrivial Minkowski limit" would be 
such that essentially the role of the Planck scale in the description of gravitational interactions can 
be ignored (so that indeed one can make reference to a fixed Minkowski metric), but the possible 
role of the Planck scale in spacetime structure/kinematics is still significant. In particular, the 
description of Planck-scale corrections to particle-physics processes will be a key characteristic of 
the Minkowski limit of quantum gravity. 

It is of course not obvious that the correct quantum gravity should admit such a nontrivial 
Minkowski limit. With the little we presently know about the quantum-gravity problem we must 
be open to the possibility that the Minkowski limit would actually be trivial, i.e. that whenever 
the role of the Planck scale in the description of gravitational interactions can be neglected (and 
the metric is Minkowskian at least on average) one should also neglect the role of the Planck scale 
in spacetime structure/kinematics. But the hypothesis of a nontrivial Minkowski limit is worth 
exploring: it would be "extremely kind" of quantum gravity to admit such a limit, since it might 
open a wide range of opportunities for accessible experimental verification, as I shall stress in what 
follows. 

When I mention a result on the theory side concerning the fate of Poincare symmetry at the 
Planck scale clearly it must be the case that the authors have considered (or attempted to consider) 
the Minkowski limit of their preferred formalism. 



2. Three perspectives on the fate of Poincare symmetry at the Planck scale 

It is probably fair to state that each quantum-gravity research line can be connected with 
one of three perspectives on the problem: the particle-physics perspective, the General-Relativity 
perspective and the condensed-matter perspective. 

From a particle-physics perspective it is natural to attempt to reproduce as much as possible the 
successes of the Standard Model of particle physics. One is tempted to see gravity simply as one 
more gauge interaction. From this particle-physics perspective a natural solution of the quantum- 
gravity problem should have its core features described in terms of graviton-like exchange in a 
background classical spacetime. Indeed this structure is found in String Theory, the most developed 
among the quantum-gravity approaches that originate from a particle-physics perspective. 

The particle-physics perspective provides no a priori reasons to renounce to exact Poincare 
symmetry, since Minkowski classical spacetime is an admissible background spacetime, and in 
classical Minkowski there cannot be any a priori obstruction for classical Poincare symmetry. Still, 
a break up of Lorentz symmetry, in the sense of spontaneous symmetry breaking, is of course 
possible, and this possibility has been studied extensively over the last few years, especially in 
String Theory where this might occur naturally when a certain String-Theory antisymmetric tensor 
field acquires a vacuum expectation value (see, e.g., Ref. and references therein). 

Complementary to the particle-physics perspective is the General-Relativity perspective, whose 
core characteristic is the intuition that one should firmly reject the the possibility to rely on a 
background spacetime (3(3, [12] . According to General Relativity the evolution of particles and the 
structure of spacetime are selfconsistently connected: rather than specify a spacetime arena (a 
spacetime background) beforehand, the dynamical equations determine at once both the space- 
time structure and the evolution of particles. Although less publicized, there is also growing 
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awareness of the fact that, in addition to the concept of background independence, the develop- 
ment of General Relativity relied heavily on the careful consideration of the in-principle limitations 
that measurement procedures can encounter 8 . In light of the various arguments suggesting that, 
whenever both quantum mechanics and General Relativity are taken into account, there should 
be an in-principle Planck-scale limitation to the localization of a spacetime point (an event), the 
general-relativity perspective invites one to renounce to any direct reference to a classical space- 
time [H, HH, Ho, HH, Indeed this requirement that spacetime be described as fundamentally 
nonclassical ("fundamentally quantum"), so that the in-principle measurability limitations be re- 
flected by a corresponding measurability-limited description of spacetime, is another element of 
intuition which is guiding quantum-gravity research from the general-relativity perspective. This 
naturally leads one to consider discretized spacetimes, as in the Loop Quantum Gravity approach, 
or noncommutative spacetimes. 

Results obtained over the last few years indicate that this general-relativity perspective naturally 
leads, through the emergence of spacetime discreteness and/or noncommutativity, to some depar- 
tures from classical Poincare symmetry. Loop quantum gravity and other discretized-spacetime 
quantum-gravity approaches appear to require a description of the familiar (classical, continuous) 
Lorentz symmetry as an approximate symmetry, with departures governed by the Planck scale. 
And in the study of noncommutative spacetimes some Planck-scale departures from Lorentz sym- 
metry appear to be inevitable. 

The third possibility is a condensed-matter perspective on the quantum-gravity problem (see, 
e.g., Refs. [66l . [67[|). in which spacetime itself is seen as a sort of emerging critical-point entity. 
As stressed already in the previous section, condensed-matter theorists are used to describe the 
degrees of freedom that are measured in the laboratory as collective excitations within a theoretical 
framework whose primary description is given in terms of much different, and often practically 
inaccessible, fundamental degrees of freedom. Close to a critical point some symmetries arise for 
the collective-excitations theory, which do not carry the significance of fundamental symmetries, 
and are in fact lost as soon as the theory is probed somewhat away from the critical point. Notably, 
some familiar systems are known to exhibit special-relativistic invariance in certain limits, even 
though, at a more fundamental level, they are described in terms of a nonrelativistic theory. So 
clearly from the condensed-matter perspective on the quantum-gravity problem it is natural to see 
the familiar classical continuous Poincare symmetry only as an approximate symmetry. 



3. Aside on Doubly- Special Relativity 

If the fate of Poincare symmetry at the Planck scale is nontrivial the simplest (and perhaps most 
likely) possibility is the one of broken Poincare symmetry, in the same sense that other symmetries 
are broken in physics. But in recent years a growing numbers of authors within the quantum-gravity 
community have considered the alternative possibility of a deformation (rather than breaking) of 
Poincare symmetry, in the sense of the "doubly-special-relativity" (DSR) proposal I put forward a 
few years ago [55[. I have elsewhere [68[ attempted to expose the compellingness of this possibility. 
For the purposes of this review of course it's compellingness is only marginally relevant, and it is 
instead important to characterize the idea sharply enough to allow consideration from the quantum- 
gravity-phenomenology perspective. In several recent quantum- gravity-phenomenology analyses 
the DSR perspective is considered alongside the standard symmetry-breaking perspective, and the 
language established in this subsection will allow me, in later parts of this section, to discuss how 
this is done. DSR will also be mentioned in some of my comments concerning the level of maturity 
so far reached by quantum-gravity phenomenology, both because the DSR scenario is a Planck-scale 
proposal that could be falsified by forthcoming experimental studies (so it provides an example of 
the ability of quantum-gravity phenomenology to falsify theory ideas), and because certain classes 



Think for example of the limitations that the speed-of-light limit imposes on certain setups for clock synchronization 
and of the contexts in which it is impossible to distinguish between a constant acceleration and the presence of a 
gravitational field. 
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of observations are relevant both for the DSR idea and for standard Poincare symmetry breaking 
and depending on the outcome they could favour one or the other possibility (so these contexts 
are examples of the ability of quantum-gravity phenomenology to discriminate between related but 
different Planck-scale pictures). 

The doubly-special-relativity scenario was proposed [55] as a sort of alternative perspective 
on the results on Planck-scale departures from Lorentz symmetry which had been reported in 
numerous articles [H, HI H, M, WL H, [H] between 1997 and 2000. These studies were advocating 
a Planck-scale modification of the energy-momentum dispersion relation, usually of the form E 2 = 
p 2 + m 2 + 7]Lpp 2 E n + (9(Lp +1 i? n+3 ), on the basis of preliminary findings in the analysis of several 
formalisms in use for Planck-scale physics. The complexity of the formalisms is such that very 
little else was known about their physical consequences, but the evidence of a modification of the 
dispersion relation was becoming robust. In all of the relevant papers it was assumed that such 
modifications of the dispersion relation would amount to a breakdown of Lorentz symmetry, with 
associated emergence of a preferred class of inertial observers (usually identified with the natural 
observer of the cosmic microwave background radiation). 

It appeared possible [55j to draw an analogy between these developments and the developments 
which led to the emergence of Special Relativity, now more than a century ago. In Galilei Rela- 
tivity there is no observer-independent scale, and in fact the energy-momentum relation is written 
as E = p 2 /(2m). As experimental evidence in favour of Maxwell equations started to grow, the 
fact that those equations involve a fundamental velocity scale appeared to require the introduc- 
tion of a preferred class of inertial observers. But in the end we figured out that the situation 
was not demanding the introduction of a preferred frame, but rather a modification of the laws 
of transformation between inertial observers. Einstein's Special Relativity introduced the first 
observer-independent relativistic scale (the velocity scale c), its dispersion relation takes the form 
E 2 = c 2 p 2 + c 4 m 2 (in which c plays a crucial role for what concerns dimensional analysis), and 
the presence of c in Maxwell's equations is now understood as a manifestation of the necessity to 
deform the Galilei transformations. 

It is not implausible that we might be presently confronted with an analogous scenario. Re- 
search in quantum gravity is increasingly providing reasons of interest in Planck-scale modifications 
of the dispersion relation, and, while it was customary to assume that this would amount to the 
introduction of a preferred class of inertial frames (a "quantum-gravity ether"), the proper descrip- 
tion of these new structures might require yet again a modification of the laws of transformation 
between inertial observers. The new transformation laws would have to be characterized by two 
scales (c and A) rather than the single one (c) of ordinary Special Relativity. 

These observations that motivated the proposal of the DSR scenario do not automatically 
guide us toward a mathematical formalism for its implementation, but from a physics perspective 
do provide a rather sharp picture. With Doubly-Special Relativity one looks for a transition in the 
Relativity postulates, which should be largely analogous to the Galilei-Einstein transition. Just 
like it turned out to be necessary, in order to describe high-velocity particles, to set aside Galilei 
Relativity (with its lack of any characteristic invariant scale) and replace it with Special Relativity 
(characterized by the invariant velocity scale c), it is at least plausible that, in order to describe 
ultra-high-energy particles, we might have to set aside Special Relativity and replace it with a 
new relativity theory, a DSR, with two characteristic invariant scales, a new small-length/large- 
momentum scale in addition to the familiar velocity scale. 

A theory will be compatible with the DSR principles if there is complete equivalence of inertial 
observers (Relativity Principle) and the laws of transformation between inertial observers are char- 
acterized by two scales, a high- velocity scale and a high-energy /short-length scale. Since in DSR 
one is proposing to modify the high-energy sector, it is safe to assume that the present operative 
characterization of the velocity scale c would be preserved: c is and should remain the speed of 
massless low-energy particles 9 . Only experimental data could guide us toward the operative de- 
scription of the second invariant scale A, although its size is naturally guessed to be somewhere in 
the neighborhood of the Planck length L p . 



Note however the change of perspective imposed by the DSR idea: within Special Relativity c is the speed of 
all massless particles, but Special Relativity must be perceived as a low-energy theory (as viewed from the DSR 
perspective) and in taking Special Relativity as starting point for a high-energy deformation one is only bound to 
preserving c as the speed of massless low-energy particles 
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As a result of the "historical context" described in the preceeding subsection most authors have 
explored the possibility that the second relativistic invariant be introduced throu gh a modifications 
of the dispersion relation. This is a reasonable choice [H, HI, [7(3, [TH, l73l. u3| but it would 
be incorrect [68] at present to identify (as often done in the literature) the DSR proposal with 
the proposal of observer-independent modifications of the dispersion relation. For example the 
dispersion relation might not be modified but there might instead be an observer-independent 
bound on the accuracy achievable in the measurement of distances. 

Considering the present very early stage of development of the DSR idea, it is clearly not possible 
at present to direct toward it a standard phenomenological programme. For a fully meaningful DSR 
phenomenology a minimum requisite would be the availability of a theoretical framework whose 
compatibility with the DSR principles was fully established and characterized in terms of genuinely 
observable features. Since we are not ready for that [68], one might perhaps consider postponing 
all reasoning about phenomenology to better times (ahead?). However, as shown in parts of what 
follows, one can nonetheless obtain valuable insight from the development of (however incomplete 
and however ad hoc) "toy DSR test theories". And indeed here I will use one example of such a 
"toy test theory" , introduced in the next subsection, to provide a crisper physical characterization 
of the concept of a DSR theory and to illustrate some general features of DSR phenomenology, 
such as the incompatibility of a decay threshold with the DSR principles (which I shall discuss as 
an example of opportunity to falsify the DSR idea). 



B. Preliminaries on test theories with modified dispersion relation 

So far the main focus of Poincare-symmetry tests planned from a quantum-gravity- 
phenomenology perspective has been on the form of the energy-momentum dispersion relation. 
Indeed, certain analyses of formalisms that could be relevant for the solution of the quantum- 
gravity problem provide encouragement for the possibility that the Minkowski limit of quantum 
gravity might indeed be characterized by modified dispersion relations. However, the complexity 
of the formalisms that motivate the study of Planck-scale modifications of the dispersion relation 
is such that one has only partial information on the form of the correction terms and actually one 
does not even establish robustly the presence of modifications of the dispersion relation. Still, in 
some cases, most notably within some Loop-Quantum-Gravity studies and some studies of non- 
commutative spacetimes, the "theoretical evidence" in favour of modifications of the dispersion 
relations appears to be rather robust. 

This is exactly the type of situation that I mentioned earlier in this review as part of a pre- 
liminary characterization of the peculiar type of test theories that must at present be used in 
quantum-gravity phenomenology. It is not possible to compare to data the predictions for the 
dispersion relation of, say, Loop Quantum Gravity and noncommutative geometry because these 
theories do not yet make definite predictions for the dispersion relation. What we can compare to 
data are some test theories inspired by the little we do believe we understand of the structure of 
the dispersion relation in the relevant theories. 

And the development of such test theories requires a delicate balancing act. If we only provide 
them with the structures we do understand of the original theories they will be has sterile as 
the original theories. So we must add some structure, make some assumptions, but do so with 
prudence, limiting as much as possible the risk of assuming properties that could turn out not to 
be verified once we understand the relevant formalisms better. 

As this description should suggest, there has been of course a proliferation of test theories 
adopted (sometimes unfortunately only implicitly (75(]) by different authors, each reflecting a dif- 
ferent intuition on what could or could not be assumed. Correspondingly, in order to make a 
serious overall assessment of the experimental limits so far established with quantum-gravity phe- 
nomenology of modified dispersion relations, one should consider a huge zoo of parameters. Of 
course, even the parameters of the same parametrization of modifications of the dispersion relation 
if analyzed using different assumptions about other aspects of the test theory should really be 
treated as different /independent sets of parameters. 
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For this first version of the Living Review on quantum-gravity phenomenology I shall be con- 
tent with considering 3 illustrative examples of test theories, chosen in such a way to represent 
possibilities that are qualitatively very different, and representative of the breadth of possibilities 
that are under consideration. These 3 test theories will provide the language for me to describe 
the sensitivity to Planck-scale effects that is within the reach of certain experimental analyses. 

Before I give a description of these 3 reference test theories I should discuss at least the most 
significant among the issues that must be considered in setting up any such test theory with 
modified dispersion relation. 



1. With or without standard quantum field theory? 

One of the most important issues to be considered in setting up a test theory with modified 
dispersion relation concerns the choice of whether or not to assume that the test theory should be 
a standard low-energy effective quantum field theory. 

A significant portion of the quantum-gravity community is in general, justifiably, skeptical about 
the results obtained using low-energy effective field theory in analyses relevant for the quantum- 
gravity problem. After all the first natural prediction of low-energy effective quantum field theory 
in the gravitational realm is a value of the energy density which is some 120 orders of magnitude 
greater than allowed by observations 10 . 

However, just like there are numerous researchers who are skeptical about any results obtained 
using low-energy effective field theory in analyses relevant for the quantum-gravity problem, there 
are also quite a few researchers interested in the quantum-gravity problem who are completely 
serene in assuming that all low-energy (sub-Planckian) quantum-gravity effects should be describ- 
able in terms of effective field theory. 

In order to understand how such different intuitions have come to be adopted it may be useful 
for me to stress that there is here in the background a delicate "order-of-limits issue" . As mentioned 
the expectation that there should be departures from classical-spacetime symmetries at the Planck 
scale is not uncommon, and there are also many quantum-gravity researchers that expect quantum 
mechanics (and in particular relativistic quantum field theory) not to be exactly applicable at 
the Planck scale. However, the data analyzed in quantum-gravity phenomenology are gathered 
at energy scales much lower than the Planck scale, and we know that in some limit (a limit that 
characterizes our most familiar observations) the field-theoretic description and Lorentz invariance 
will both hold. So we would need to establish whether experiments that are sensitive to Planck- 
scale departures from Lorentz symmetry could also be sensitive to Planck-scale departures from 
the field-theoretic description of dynamics. As an example, let me mention the possibility (not 
unlikely in a context which is questioning the fate of Lorentz symmetry) that quantum gravity 
would admit a field-theory-type description only in reference frames in which the process of interest 
is essentially occurring in its center of mass (no "Planck-large boost" [76|] with respect to center- 
of-mass frame). The field theoretic description could emerge in a sort of "low-boost limit", rather 
than the expected low-energy limit. The regime of low boosts with respect the center-of-mass 
frame is often indistinguishable with respect to the low-energy limit. For example, from a Planck- 
scale perspective, our laboratory experiments (even the ones conducted at, e.g. CERN, DESY, 
SLAC.) are both low-boost (with respect to the center of mass frame) and low-energy. However, 
some contexts that are of interest in quantum-gravity phenomenology, such as the collisions between 
ultra-high-energy cosmic-ray protons and CMBR photons, are situations where all the energies of 
the particles are still tiny with respect to the Planck energy scale, but the boost with respect to 
the center-of-mass frame could be considered to be "large" from a Planck-scale perspective (the 
Lorentz factor 7 with respect to the proton rest frame is much greater than the ratio between the 
Planck scale and the proton mass 7 = E / 'm pro to n 3* E p /E). 



And the outlook of low-energy effective field theory in the gravitational realm does not improve much through the 
observation that exact supersymmetry could protect from the emergence of any energy density. In fact, Nature 
clearly does not have supersymmetry at least up to the TeV scale, and this would still lead to a natural prediction 
of the cosmological constant which is some 60 orders of magnitude too high. 
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The concerns for the applicability of low-energy effective quantum field theory are strengthened 
by looking at the literature available on the quantum pictures of spacetime that provide moti- 
vation for the study of modified dispersion relations, which as mentioned usually involve either 
noncommutative geometry or Loop Quantum Gravity. The construction of field theories in non- 
commutative spacetimes requires the introduction of several new technical tools, which in turn 
lead to the emergence of several new physical features, even at low energies. I guess that these 
difficulties arise from the fact that a spacetime characterized by an uncertainty relation of the type 
5x 5y > 9(x, y) never really behaves has a classical spacetime, not even at very low energies. In 
fact, according to this type of uncertainty relation, a low-energy process involving soft momentum 
exchange in the x direction (large 5x) should somehow be connected to the exchange of a hard 
momentum in the y direction (5y > 9/5x), and this feature cannot be faithfully captured by our 
ordinary field-theory formalisms. For the so-called "canonical noncommutative spacetimes" one 
does obtain a plausible- looking field theory [56|] , but the results actually show that it is not possible 
to rely on an ordinary effective low-energy quantum-field-theory description because of the pres- 
ence 11 of "IR/UV mixing" 5^, 77,[78|] (a mechanism such that the high-energy sector of the theory 
does not decouple from the low-energy sector, which in turn affects very severely [78j the outlook 
of analyses based on an ordinary effective low-energy quantum-field-theory description). For other 
(non-canonical) noncommutative spacetimes we are still struggling in the search of a satisfactory 
formulation of a quantum field theory 7^, 8(| , and it is at this point legitimate to worry that such 
a formulation of dynamics in those spacetimes does not exist. 

And the assumption of availability of an ordinary effective low-energy quantum-field-theory 
description finds also no support in Loop Quantum Gravity. Indeed, so far, in Loop Quantum 
Gravity all attempts to find a suitable limit of the theory which can be described in terms of 
a quantum-field-theory in background spacetime have failed. And on the basis of the arguments 
presented in Ref. [8l|] it appears plausible that in several contexts in which one would naively expect 
a low-energy field theory description Loop Quantum Gravity might instead require a density-matrix 
description. 



2. Other key features of test theories with modified dispersion relation 

In order to be applicable to a significant ensemble of experimental contexts a test theory should 
of course specify much more than the form of the dispersion relation. In light of the type of data 
that we expect to have access to (see later) besides the choice of working within or without low- 
energy effective quantum field theory there are at least 3 other issues that the formulation of such 
a test theory should clearly address: 

(i) is the modification of the dispersion relation "universal"? or should one instead allow for 
different modification parameters for different particles? 

(ii) in presence of the modified dispersion relation between the energy E and the momentum 
p of a particle should we still assume the validity of the relation v = dE/dp between the 
speed of a particle and its dispersion relation? 

(iii) in presence of the modified dispersion relation should we still assume the validity of the 
standard law of energy-momentum conservation? 



The issues encountered in dealing with the IR/UV mixing may be related to the concerns I mentioned above for 
the large-boost limit of quantum gravity. In a theory with IR/UV mixing nothing peculiar might be expected 
for, say, a collision between two photons both of MeV energy, but the boosted version of this collision, where one 
photon has, say, energy of WOTeV and the other photon has energy of 10~ 2 eV, could be subject to the IR/UV 
mixing effects, and be essentially untreatable from a low-energy effective-field-theory perspective. 
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Unfortunately on these three key points the quantum-spacetime pictures which are providing 
motivation for the study of Planck-scale modifications of the dispersion relation are not providing 
much guidance yet. 

For example, in Loop Quantum Gravity, while we do have some evidence that the dispersion 
relation should be modified, we do not yet have a clear indication concerning whether the law of 
energy-momentum conservation should also be modified and we also cannot yet robustly establish 
whether the relation v = dE/dp should be preserved. 

Similarly in the analysis of noncommutative spacetimes we are close to establishing in rather 
general terms that some modification of the dispersion relation is inevitable, but other aspects of the 
framework have not vet been clarified. While most of the literature for canonical noncommutative 



spacetimes assumes [56|,[77J that the law of energy- momentum conservation should not be modified, 
most of the literature for K-Minkowski spacetime argues in favour of a modification of the law of 
energy-momentum conservation. There is also still no consensus on the relation between speed and 
dispersion relation, and particularly in the K-Minkowski literature some departures from the v = 
dE/dp relation are actively considered [82l. l83l. l84l. I85T] . And at least for canonical noncommutative 
spacetimes the possibility of a nonuniversal dispersion relation is considered extensively. 

Concerning the relation v = dE/dp it may be useful to stress that it can be obtained assuming 
that a Hamiltonian description is still available, v = dx/dt ~ [x,H(p)j, and that the Heisenberg 
uncertainty principle still holds exactly = 1 — > x ~ d/dp). The possibility of modifications 

of the Hamiltonian description is of course an aspect of the debate on "Planck-scale dynamics" 
that was in part discussed in Subsection. IV.B.l. Concerning the Heisenberg uncertainty principle, 
there has been a significant amount of work on modifications of the type [x,p] = 1 + F{p) both 



inspired by some string-theory results [46j, ]86| and by some noncommutative-geometry results [87] . 



3. A test theory for pure kinematics 

With so many possible alternative ingredients to mix one can of course produce a large variety 
of test theories. As mentioned, I intend to focus on 3 illustrative example of test theories for my 
characterization of achievable experimental sensitivities. 

My first example is a test theory of very limited scope, since it is conceived to only describe 
pure-kinematics effects. This will restrict strongly the class of experimental that can be analyzed 
in terms of this test theory, but the advantage is that the limits obtained on the parameters of 
this test theory will have rather wide applicability (they will apply to any quantum-gravity theory 
with that form of kinematics, independently of the description of dynamics). 

The first element of this test theory, introduced from a quantum-gravity-phenomenology per- 
spective in Refs. (l9l. [88l|. is a "universal" (same for all particles) dispersion relation of the form 

(E n \ 
E^J ' (3) 

with real rj of order 1 and integer n (> 0). This formula is compatible with some of the results 
obtained in the Loop-Quantum-Gravity approach and reflects some results obtained for theories in 
/{-Minkowski noncommutative spacetime. 

Already in the first studies [1(1] that proposed a phenomenology based on ^ it was assumed that 
even at the Planck scale the familiar description of "group velocity" , obtained from the dispersion 
relation according to v = dE/dp, would hold. 

And in other early phenomenology works 25, 2^, 27, [28|] based on (J3j) it was assumed that the 



law of energy- momentum conservation should not be modified at the Planck scale, so that, for 
example, in a a + 6 - > c + d particle-physics process one would have 

E a + E b = E c + E d , (4) 

Pa+Pb=Pc+Pd ■ (5) 
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In the following I will refer to this test theory as the "PKVO test theory", where "PK" reflects 
its "Pure-Kinematics" nature, "V" reflects its " Lorentz-symmetry Violation" content, and "0" 
reflects the fact that it combines the dispersion relation ([3]) with what appears to be the most 
conservative set of assumptions concerning other key aspects of the physics: universality of the 
dispersion relation, v = dE/dp, and unmodified law of energy-momentum conservation. 



4- A test theory based on low- energy effective field theory 

The restriction to pure kinematics has the merit to allow us to establish constraints that are 
applicable to a relatively large class of quantum-gravity scenarios (different formulations of dy- 
namics would still be subject to the relevant constraints), but it also restricts severely the type 
of experimental contexts that one can analyze. The desire to be able to analyze a wider class of 
experimental contexts is therefore providing motivation for the development of test theories more 
ambitious than the PKVO test theory, with at least some elements of dynamics. This is of course 
completely reasonable, as long as one proceeds with awareness of the fact that, in light of the 
situation on the theory side, for test theories adopting a given description of dynamics there is a 
risk that we may eventually find out that none of the quantum-gravity approaches which are being 
pursued is reflected in the test theory. 

When planning to devise a test theory that includes the possibility to describe dynamics of 
course the first natural candidate (not withstanding the concerns reviewed in Subsection III.B.l) 
is the framework of low-energy effective quantum field theory. In this subsection I want to discuss 
a test theory which is indeed based on low-energy effective field theory, and has emerged primarily 
from the analysis reported in Ref. [1^] (which is rooted in part in the earlier Ref. [20] )• This test 
theory explores the possibility of a linear-in-L p modification of the dispersion relation 

m 2 ~E 2 -p 2 + T]fL p E , (6) 

i.e. the case n = 1 of Eq. ([3]). The implications of introducing this dispersion relation within the 
framework of low-energy quantum field theory have been explored in some detail both for fermions 
and photons. It became quickly clear that in such a setup universality cannot be assumed, since one 
must at least accommodate a polarization dependence for photons: in the field-theoretic setup it 
turns out that when right-circular polarized photons satisfy the dispersion relation E 2 ~ p 2 + ?? 7 p 3 
then necessarily left-circular polarized photons satisfy the "opposite sign" dispersion relation E 2 ~ 
p 2 — rj^p 3 . The analysis [8l| of spin-1/2 particles does not lead to an analogous helicity dependence, 
but rather invites one to introduce two independent parameters r/ + and to characterize the 
modification of the dispersion relation for electrons. 

While the formalism is compatible with the possibility to introduce further independent param- 
eters for each additional fermion in the theory (so that, e.g., protons would have different values 
of r] + and r/_ with respect to the ones of electrons) I shall here for simplicity assume "universality 
for spin-1/2 particles", so that for all spin-1/2 particles the dispersion relation takes the form 

m z ~ E 2 - f + r)+f (J^j , (7) 

in the positive-helicity case, and 

m 2 ~ E 2 - f + rj-f (Jpj , (8) 

in the negative-helicity case, with the same values of rj + and ry_ for all spin-1/2 particles. 

In the following I will refer to this test theory as the "FTVO test theory" , where " FT" reflects its 
adoption of a "low-energy effective Field Theory" description, "V" reflects its "Lorentz-symmetry 
Violation" content, and "0" reflects the " minimalistic" assumption of "universality for spin-1/2 
particles" . 
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While at more advanced stages of analysis of this framework it will of course be appropriate to 
remove the restrictions of "universality for spin- 1/2 particles" , in this initial stage of investigation it 
also makes sense [75] to consider occasionally a further restriction on the parameter space (which 
amounts to considering a further simplified test theory that could be labeled "FTVOO") such 
that ?7_ = — 7/4. = r/f, i.e. with a single universal parameter r\$ for spin-1/2 particles and the 
parametrization arranged in such a way that the modification of the dispersion relation has the 
same magnitude for both helicities but opposite sign. This is inspired [75|] by the fact that, as 
mentioned, for photons this effective-field-theory setup only allows modifications of the dispersion 
relation that are polarization dependent and have the same magnitude for both polarizations but 
opposite sign. By endowing spin-1/2 particles with the analogous property one realizes the natural- 
looking assumption that the Planck-scale effects are such that in a beam composed of randomly 
selected particles the average speed in the beam is still governed by ordinary special relativity (the 
Planck-scale effects average out summing over polarization/helicity). 



5. A DSR test theory 

As one can infer from my remarks on the status of development of theories compatible with the 
doubly-special-relativity idea, we are not ready to do any "real" DSR phenomenology. In order to 
claim one was doing real DSR phenomenology we should at least have some theoretical frameworks 
whose compatibility with the DSR principles was fully established and characterized in terms of 
genuinely observable features. However, at least from some perspectives the development of "toy 
DSR test theories" can be valuable. The exercise of developing such "toy test theories" can be 
used to provide a crisper physical characterization of the concept of a DSR theory and allows to 
clarify some general features of the phenomenology (as in the case of the incompatibility of a decay 
threshold with the DSR principles discusses later in this section). 

Even working within the limited scopes of setting up some "toy DSR test theories" is not really 
easy, especially since we have very little guidance to argue about what are good and what are bad 
DSR test theories. For my purposes here, just because of the limited scopes that at present a "DSR 
test theory" can have, I could take any one of the examples in the literature. The one I adopt 
is particularly familiar to me since I used it to illustrate the DSR idea in my original papers in 
Refs. [55T ]. This is a "limited theory" in that it only concerns [55, 9^, 91] the laws of transformation 



of the energy- momentum observables 12 . It assumes that the energy- momentum dispersion relation 
is observer independent (and "universal"; same dispersion relation for all types of fundamental 
particles) and takes the following form in leading order in the deformation parameter A 

E 2 ~ f + m 2 + XfE . (9) 

This dispersion relation is clearly an invariant of space rotations, but it is not an invariant of 
ordinary boost transformations. Its invariance (to leading order) is ensured adopting standard 
space-rotation generators 

Rj = -itjkWk^ • (10) 

and a deformed action for boost generators 

d . . / „ A n 2 \ d / d 



B, * i Pi - +i{E + -f + XE< j ^ - iXpj ^-j . (1!) 

For the limited "phenomenology of kinematics" that some authors have been doing with this lim- 
ited "toy DSR test theory" the only remaining ingredient to be specified is the one linking incoming 



12 Of course, an analogous "limited theory" (with the same formulas) could be articulated for the fre- 
quency/wavelength observables 6^, [9^] and for laws governing the composition and onshellness of frequen- 
cies / wavelengths . 
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energy-momenta to outgoing ones, as intended in a law of conservation of energy-momentum. Let 
us start considering processes with two incoming particles, a and b, and two outgoing particles, c 
and d. The special-relativistic kinematic requirements for such processes are E a -\- E b — E c — E d = 
and p a + p b — p c — p d = 0, but these clearly [HH] would not be observer- independent laws in light 
of (jlip . Working in leading order actually one finds several acceptable 13 alternative possibilities 
for the deformation of the law of conservation of energy-momentum. For my example of DSR test 
theory I will adopt 

E a + E b + X PaPb ~E C + E d + X PcPd , (12) 

Pa+Pb + K E aPb + E b p a ) ~ p c + p d + X(E c p d + E d p c ) . (13) 

Analogous formulas can be obtained [H, HH f° r an y process with n incoming particles and m 
outgoing particles. In particular, in the case of a two-body particle decay a —* b + c the laws 

E a — E b + E c + X PbPc , (14) 

Pa ^ Pb + Pc + K E bPc + E c p b ) . (15) 

provide an acceptable (observer- independent, covariant according to the observer- independence of 
(fTTj) ) possibility. 



6. More on "pure-kinematics" and "field-theory-based" phenomenology 

I shall handle both the PKVO and the DSR test theory as pure-kinematics test theories while 
FTVO will be my example of test theory based on effective low-energy quantum field theory. Before 
starting my characterization of experimental sensitivities in terms of the parameters of these test 
theories I find appropriate to add a few remarks warning about some difficulties that are inevitably 
encountered in doing phenomenology with these test theories. 

For the pure-kinematics test theories some key difficulties originate from the fact that sometimes 
an effect due to modification of dynamics can take a form that is not easily distinguished from 
a pure-kinematics effect, and other times one deals with an analysis of effects that appear to be 
exclusively sensitive to kinematics but then at the stage of converting experimental results into 
bounds on parameters some level of dependence on dynamics arises. An example of this latter 
possibility will be provided by my description of particle-decay thresholds in test theories that 
violate Lorentz symmetry. The derivation of the equations that characterize the threshold requires 
only the knowledge of the laws of kinematics. And if according to the kinematics of a given test 
theory a certain particle at a certain energy cannot decay then observation of the decay allows 
to set robust pure-kinematics limits on the parameters. But if the test theory predicts that that 
certain particle at that given energy can decay then by not finding such decays we are not in 
a position to truly establish pure-kinematics limits on the parameters of the test theory. If the 
decay is kinematically allowed but not seen it is possible that the laws of dynamics prevent it from 
occurring (small decay amplitude). 

Of course, by adopting low-energy quantum field theory this type of limitations are removed, 
but other issues must be taken into account, particularly in association with the fact that the FTVO 
quantum field theory is not renormalizable. Quantum-field-theory-based descriptions of Planck- 
scale departures from Lorentz symmetry can only be developed with a rather strongly "pragmatic" 
attitude. In particular, for the FTVO test theory, with its Planck-scale suppressed effects at tree 



The conservation laws that must be satisfied by physical processes should [HH ] be covariant under the transfor- 
mations that relate the kinematic properties of particles as measured by different observers (all observers should 
agree on whether or not a certain process is allowed). 
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level, some authors (notably Refs. [93|, [94|, |95( ) have argued that the loop expansion could effectively 



generate additional terms of modification of the dispersion relation that are unsuppressed by the 
cut-off scale of the (nonrenormalizable) field theory. Of course, the parameters of the field theory 
can be fine-tuned to eliminate the unwanted large effects, but the needed level of fine tuning 
is usually rather unpleasant. While certainly undesirable, this severe fine-tuning problem'should 
not discourage us from considering the FTVO test theory, at least not at this early stage of the 
development of the relevant phenomenology. Actually some of the most successful theories used in 
fundamental physics are affected by severe fine tuning. It is not uncommon to eventually discover 
that the fine tuning is only apparent, that some hidden symmetry is actually "naturally" setting 
up the hierarchy of parameters. And it appears that some symmetry principles could also stabilize 
the FTVO field theory [9i]. 



C. Photon stability 



1. Broken- symmetry analysis 

The first example of Planck-scale sensitivity that I discuss is the case of a process which is 
kinematically forbidden in presence of exact Lorentz symmetry but becomes kinematically al- 
lowed in presence of c ertain departures from Lorentz symmetry. It has been established (see, e.g., 
Refs. (97l . [H, l99l . llOOfl ) that when Lorentz symmetry is broken at the Planck scale there can be 
significant implications for certain decay processes. At the qualitative level the most significant 
novelty would be the possibility for massless particles to decay. And certain observations in astro- 
physics, which allow us t o est ablish that photons of energies up to ~ 10 14 eV are not unstable, can 
be then used 97. I9H. 1991. [lOO] to set limits on schemes for departures from Lorentz symmetry. 



To describe this phenomenological programme for my purposes it suffices here to consider the 
process 7 — > e + e~ . Let us start from the perspective of the PKVO test theory, and therefore adopt 
the dispersion relation ([3]) and unmodified energy-momentum conservation. One easily finds a 
relation between the energy of the incoming photon, the opening angle 6 between the outgoing 
electron-positron pair, and the energy E+ of the outgoing positron (of course the energy of the 
outgoing electron is simply given by E~ — E + ). Setting n = 1 in ([3|) one finds that, for the region 
of phase space with m e <C E y <C E p , this relation takes the form 

^ E + (E 7 - E + ) + ml - r]E^ l E + {E 1 - E + )/E p 
COb[ ' - E + (E 1 -E + ) ' {lb) 

where m e is the electron mass. 

The fact that for rj = Eq. (|16p would require cos{6) > 1 reflects the fact that, if Lorentz 
symmetry is preserved, the process 7 — ► e + e~ is kinematically forbidden. For rj < the process is 
still forbidden, but for positive rj high-energy photons can decay into an electron-positron pair. In 
fact, for EL 3> (m-gi^/l??!) 1 / 3 one finds that there is a region of phase space where cos(#) < 1, i.e. 
there is a physical phase space available for the decay. 

The energy scale (m^p) 1 / 3 ~ 10 13 eF is not too high for testing, since, as mentioned, in as- 
trophysics we see photons of energies up to ~ 10 u eV that are not unstable (they clearly travel 
safely some large astrophysical distances) . The level of sensitivity that is within the reach of these 
studies therefore goes at least down to values of (positive) rj of order 1 and somewhat smaller than 
1. This is what one describes as "Planck-scale sensitivity" in the quantum-gravity phenomenol- 
ogy literature: having set the dimensionful deformation parameter to the Planck-scale value the 
coefficient of the term that can be tested is of order 1 or smaller. Specifically for the case of the 
photon-stability analysis it is however rather challenging to transform this Planck-scale sensitivity 
into actual experimental limits. 

Within PKVO kinematics, for n = 1 and positive 77 of order 1, it would have been natural to 
expect that photons with ~ 10 14 eV energy would not be stable. But the fact that the decay of 
10 14 eV photons is allowed by PKVO kinematics of course does not guarantee that these photons 
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should rapidly decay. It depends on the relevant probability amplitude, whose evaluation goes 
beyond the reach of kinematics. Still it is likely that these observations are very significant for 
theories that are compatible with PKVO kinematics. For a theory that is compatible with PKVO 
kinematics (with positive rj) this evidence of stability of photons imposes the identification of a 
dynamical mechanism that essentially prevents photon decay. If one finds no such mechanism the 
theory is "ruled out" (or at least its parameters are severely constrained). 

Of course a completely analogous calculation can be done within the the FTVO test theory, 
and there one can easily arrive at the conclusion that the FTVO description of dynamics should 
not suppress significantly the photon-decay process. However, as mentioned, consistency with the 
effective-field-theory setup requires that the two polarizations of the photon acquire opposite-sign 
modifications of the dispersion relation. We observe in astrophysics some photons of energies up 
to ~ 10 14 eF that are stable over large distances, but as far as we know those photons could be all, 
say, right-circular polarized (or all left-circular polarized). This evidence of stability of photons 
therefore is only applicable to the portion of the FTVO parameter space in which both polarization 
should be unstable (a subset of the region with \rj + \ > |ry 7 | and |r/_| > |%|). 



2. DSR analysis 

For both the test theories that I am using as examples of schemes with violations of Lorentz 
symmetry the evidence of stability of photons turns out to be of some (however limited) relevance. 
Instead for my example of test theory that just deforms (rather than break) Lorentz symmetry, the 
DSR test theory I adopted, this type of phenomenology could not possibly lead to any experimental 
limits. A threshold-energy requirement for particle decay (such as the E^ 3> (m^p/lr/l) 1 / 3 men- 
tioned above) cannot be introduced as an observer-independent law, and is therefore incompatible 
with the DSR principles. Different observers assign different values to the energy of a particle and 
therefore in presence of a threshold-energy requirement for particle decay a given particle should 
be allowed to decay according to some observers while being totally stable for others. Evidence 
of stability of the photon will therefore not be significant from a DSR perspective. In reverse, 
since any theory compatible with the DSR principle will not have particle-decay thresholds, by 
looking for particle-decay thresholds one could falsify the DSR idea. And this is a rare example 
of analysis within the reach of quantum-gravity phenomenology that could really fully falsify a 
certain conjecture for Planck-scale physics. 

It may be useful to see explicitly how in my chosen illustrative example of DSR test theory the 
possibility of photon decay is prevented. It originates from the fact that, as mentioned, compliance 
with the DSR principles imposes that whenever one has a modification of the dispersion relation 
there should also be a corresponding modification of the law of energy-momentum conservation. 
Indeed one such modified law of energy-momentum conservation was discussed as part of my chosen 
illustrative example of DSR test theory. For the case of 7 — > e + e~ that modification of energy- 
momentum conservation amounts to £7 7 ~ E + +E^ — Ap+-p_, p 7 ~ p++p- — \E + p- — \E^p + . And 
using these in place of ordinary conservation of energy-momentum one ends up with a result for 
cos(0) which is still of the form (A + B)/A but now with A = 2E + (E 7 - E + ) + XE y E+(E 1 - E + ) 
and B = 2m*. Evidently this formula always gives cos(#) > 1, consistently with the fact that 
7 — * e + e~ is forbidden in DSR. 



D. Pair-production threshold anomalies and gamma-ray observations 

Another opportunity to investigate Planck-scale departures from Lorentz symmetry is provided 
by certain types of energy thresholds for particle-production processes that are relevant in astro- 
physics. This is a very powerful tool for quantum-gravity phenomenology [25|, [2^, [2?], [H(], and in 
fact at the beginning of this review I chose the evaluation of the threshold energy for photopion 
production, p + jcmbr - » P + tt> as the basis for a strong claim that indeed it is now rigorously 
established that some experimental contexts have sensitivity to effects introduced genuinely at the 
Planck scale. 



25 



I shall discuss the photopion production threshold analysis in more detail in the next subsection. 
Here I consider instead the electron-positron pair production process, 77 — > e + e~ . 



1. Broken- symmetry analysis 

The threshold for 77 — ► e + e~ is relevant for studies of the opacity of our Universe to photons. 
In particular, according to the conventional (classical-spacetime) description, the infrared diffuse 
extragalactic background should give rise to strong absorption of u TeV photons" (here understood 
as photons with energy ITeV < E < 30TeU), but this prediction can be strongly affected by 
effects that violate Lorentz symmetry. 

To show that this is the case, let me start once again from the perspective of the PKVO test 
theory, and analyze a collision between a soft photon of energy e and a high-energy photon of energy 
E which might produce an electron-positron pair. Using the dispersion relation ([3]) (for n = 1) 
and the (unmodified) law of energy-momentum conservation, one finds that for given soft-photon 
energy e, the process 77 — ► e + e~ is allowed only if E is greater than a certain threshold energy Eth 
which depends on e and m 2 , as implicitly codified in the formula (valid for e -C m e <C Eth ^ E p ) 

E th e + V§f^rn 2 e . (17) 

The special-relativistic result E t h = m^/e corresponds of course to the 77 — > limit of (|17|) . For 
\tj\ ~ 1 the Planck-scale correction can be safely neglected as long as e > (m^/Ep) 1 ^ 3 . But 
eventually, for sufficiently small values of e (and correspondingly large values of E t h) the Planck- 
scale correction cannot be ignored. 

This provides an opportunity for pure-kinematics test: if a lOTeU photon collides with a photon 
of 0.03eU and produces an electron-positron pair the case n = 1, 77 ~ — 1 for the PKVO test theory 
is ruled out. A lOTeV photon and a 0.03eU photon can produce an electron-positron pair according 
to ordinary special-relativistic kinematics (and its associated requirement Eth = m e/ e )> but they 
cannot produce an electron-positron pair according to PKVO kinematics with n = 1 and ri ~ — 1. 

For positive rj the situation is somewhat different. While negative rj increases the energy re- 
quirement for electron-positron pair production, positive rj decreases the energy requirement for 
electron-positron pair production. In some cases where one would expect electron-positron pair 
production to be forbidden the PKVO test theory with positive rj would instead allow it. But once 
a process is allowed there is no guarantee that it will actually occur, not without some information 
on the description of dynamics (that allows us to evaluate cross sections) . As in the case of photon 
decay, one must conclude that a pure-kinematics framework can be falsified when it predicts that 
a process cannot occur (if instead the process is seen) but it cannot be falsified when it predicts 
that a process is allowed. 

Concerning the level of sensitivity that we can expect to achieve also in this case one can 
robustly claim the Planck-scale sensitivity is within our reach. This, as anticipated above, is best 
seen considering the "TeV photons" emitted by some blazars, for which (as they travel toward 
our Earth detectors) the photons of the infrared diffuse extragalactic background are potential 
targets for electron-positron pair production. In estimating the sensitivity achievable with this 
type of analyses it is necessary to take into account the fact that, besides the form of the threshold 
condition, there are at least three other factors that play a role in establishing the level of absorption 
of TeV photons emitted by a given Blazar: our knowledge of the type of signal emitted by the 
Blazar (at the source), the distance of the blazar, and most importantly the density of the infrared 
diffuse extragalactic background. 

The availability of observations of the relevant type has increased very significantly over these 
past few years. For example for the blazar "Markarian 501" (at a redshift of z = 0.034) and the 
Blazar "H1426 +428" (at a redshift of z = 0.129) robust observations up to the 20-TeV range have 
been reported lOll . |l02[ |. and for the blazar "Markarian 421" blaz ar (a t a redshift of z = 0.031) 



observations of photons of energy up to 45 TeV has been r eported [1031 ]. although a more robust 
signal is seen once again up to the 20-TeU range 1041 . Il05l | . 
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The key obstruction for translating these observations into an estimate of the effectiveness of 
pair-production absorption comes from the fact that measurements of the density of the infrared 
diffuse extragalactic background are very difficult, and as a result our experimental information on 
this density is still affected by large uncertainties 106l . Il07l ] . 



The observations do show convincingly that some absorption is occurring jlOll . |102| . Il03l . Il04l . 
1051 ] . and is particularly significant from this perspective the analysis of the combined X-ray /TeV- 



gamma-ray spectrum for the Markarian 421 blazar, as discussed in particular in Ref. [10a]. The 
X-ray part of the spectrum allows to predict the TeV-gamma-ray part of the spectrum in a way 
that is rather insensitive on our poor knowledge of the source. This in turn allows to establish in 
a source-independent way that some absorption is occurring. 

For the associated quantum-gravity-phenomenology analysis the fact that some absorption is 
occurring does not allow to infer much: the analysis will become more and more effective as the 
quantitative characterization of the effectiveness of absorption becomes more and more precise 
(as measured by the amount of deviation from the level of absorption expected within a classical- 
spacetime analysis that would still be compatible with the observations). And we are not yet ready 
to make any definite statement about this absorption levels. This is not only a result of our rather 
poor knowledge of the infrared diffuse extragalactic background, but it is also due to the status of 
the observations, which still presents us with so me apparent pu z zles . For example, it is not yet fully 
understood why, as observed by some authors jlOll . 1041 . 105 . Il06l |. there is a difference between 
the absorption-induced cutoff energy found in data concerning Markarian 421, E%££( ~ 3.6TeV, 

and the corresponding cutoff estimate obtained from Markarian-501 data, -^^501 — G-2TeV. 
And the observation of TeV 7-rays emitted by the blazar H1426+428, which is significantly more 
distant than Markarian 421 and Markarian 501, does show a level of absorption which is higher 
than the o nes i nferred for Markarian 421 and Markarian 501, but (at least assuming a certain 
description [102] of the infrared diffuse extragalactic background) the H1426+428 TeV lum inosity 
"seems to exceed the level anticipated from the current models of TeV blazars by far" 102l ] . 



Clearly the situation requires further clarification, but it seems reasonable to expect that within 
a few years we should fully establish facts such as "7-rays with energies up to 20 TeV are absorbed 
by the infrared diffuse extragalactic background" 14 . This would in turn imply that at least some 
photons with energy smaller than ~ 200meV can create an electron-positron pair in collisions with 
a 20TeV 7-ray, and within the PKV0 test theory, with n = 1, this would translate into a limit 
7} > —50 (i.e. either ij is positive or r\ is negative with absolute value smaller than 50). This means 
that this strategy of analysis will soon take us robustly at sensitivities that are less than a factor 
of a 100 away from Planck-scale sensitivities, and it is natural to expect that further refinements 
of these measurements will eventually take us at Planck-scale sensitivity and beyond. 

The line of reasoning needed to establish whether this Planck-scale sensitivity could apply to 
pure-kinematics frameworks is somewhat subtle. One could simplistically state that when we see 
a process which is forbidden by a certain set of laws of kinematics then those laws are falsified. 
However, this statement is correct only when we have full knowledge of the process, including 
a full determination energy-momenta of the incoming particles. In the case of the absorption 
of multi-TeV gamma rays from blazars it is natural to assume that this absorption be due to 
interactions with infrared photons, but we are not in a position to exclude that the absorption be 
due to higher-energy background photons. We should therefore contemplate the possibility that the 
PKV0 kinematics be implemented within a framework in which the description of dynamics is such 
to introduce a large-enough modification of cross sections to allow absorption of multi-TeV blazar 
gamma rays by background photons of energy higher than 200meV . Therefore, a truly conservative 
experimental bound on a pure-kinematics framework cannot be placed by mere observation of some 
absorption of multi-TeV blazar gamma rays. 



While some observers understandably argue that the the residual grey areas that I discussed impose us to still 
be extremely prudent, even at the present time one could legitimately describe as robust [7a| the observational 
evidence indicating that some 7-rays with energ ies u p to 20 TeV are absorbed by the infrared diffuse extragalactic 
background. And some authors (see. e.g., Ref. [l09j ]) actually see in the presently-available data an even sharper 
level of agreement with the classical-spacetime picture, which would translate in having already at the present 
time achieved Planck-scale sensitivity. 
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This concerns are of course not applicable to test theories which do provide a description of 
dynamics, such as the FTVO test theory, with its effective-fleld-theory setup. However, for the 
FTVO test theory one must take into account the fact that the modification of the dispersion 
relation carries opposite sign for the two polarizations of the photon and might have an helicity 
dependence in the case of electrons and positrons. So also in the case of the FTVO test theory, as 
long as observations only provide evidence of some absorption of TeV gamma rays (without much to 
say about the level of agreement with the amount of absorption expected in the classical-spacetime 
picture), and are therefore consistent with the hypothesis that only one of the polarizations of the 
photon is being absorbed, only rather weak limits can be established. 



2. DSR analysis 

The case of photon-stability analyses, discussed in the previous subsection, provides an exam- 
ple in which the DSR principles lead to a definite (unavoidable) falsifiable prediction. For what 
concerns the evaluation of energy thresholds for particle-production processes the conclusions one 
can draw from a general DSR perspective are somewhat weaker, but definite results are obtained 
within the specific context of a given DSR test theory, such as my chosen illustrative example of 
DSR test theory. 

From a general DSR perspective one should first of all notice that when the equivalence of 
inertial frames is preserved the threshold conditions must be written as a comparison of invariants. 
For example, it is no accident that in special relativity the threshold condition for 77 — ► e + e~ takes 
the form Ee > m^. In fact, ml is of course a special-relativistic invariant and Ee is also an invariant 
(for the head-on collision of a photon with four momentum P^, such that Pq = E, and a photon 
with four momentum p„, such that po = e, one finds, also using the special-relativistic dispersion 
relation, that P^p 11 = 2Ee). The fact that in constructing a DSR framework, by definition, one 
must also insist on the equivalence of inertial frames, implies that in any genuine DSR framework 
the threshold conditions must also be written as a comparison of invariants. 

In the broken-symmetry analysis of threshold conditions, which I discussed above, a key role is 
played by a correction term of the form E s /E p that ends up being added to the classical-spacetime 
formula Ee > m^. In a DSR framework a term of the type E^/E p will be a llowed only if it can be 
obtained as part of a genuine invariant, and this turns out to require jlldl | a discouraging level of 
fine tuning of the form of the dispersion relation. An explicit example of such a fine-tuned DSR 
test theory (with the same overall structure of the DSR test theory I here adopted i n Su bsection 
III.B.5, but with ad hoc formulation of the dispersion relation) can be found in Ref. 1 lOf ] . 



As an indication of the fact that (unless one indeed arranges things in an extremely ad hoc way) 
typically DSR test theories will not predict quantitatively large modifications of threshold equations 
for particle-production processes, let me discuss the relevant analysis in the specific context of the 
DSR test theory I here adopted in Subsection III.B.5. The prescriptions for the modification of 
the law of energy-momentum conservation given in Subsection III.B.5 for the case of 77 — > e + e~ 
take the form 

E + e - XP-p ~ E + + - Xp+-p- , P + p + \Ep + XeP ~ p + + p_ + XE + p_ + XE^p + (18) 

where I denoted with P the momentum of the photon of energy E and I denoted with p the 
momentum of the photon of energy e. 

Using these f)18|) and the dispersion relation of my chosen DSR test theory one obtains (keeping 
only terms that are meaningful for e <C m e <C Eth <C E p ) 

9 

Ttl 

E th ^^, (19) 

i.e. one ends up with the same result as in the special-relativistic case. 

This indicates that there is no large threshold anomaly in the DSR test theory I am considering. 
Actually this test theory does predict a small threshold anomaly, but truly much smaller than 
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obtained in some symmetry-breaking scenarios, such as the one of the PKVO test theory. If, rather 
than working within the approximations allowed by the hierarchy e <C m e <C Eth <C E p , one derives 
a DSR threshold formula of more general validity within the DSR test theory, one does find a result 
which is different from the special-relativistic one, but the difference is indeed quantitatively much 
smaller than in the case of the PKVO test theory. 

This result for the evaluation of energy thresholds for particle-production processes illustrates a 
more general aspect of the differences between broken-symmetry scenarios and scenarios in which 
spacetime symmetries are only "deformed", in the sense prescribed by the DSR concept. In com- 
paring two frameworks with apparently similar new structures, but one of the broken-symmetry 
type and one of the DSR type, it is typical to find that for the majority of new-physics effects 
the size of these effects in the broken-symmetry scenario is larger than in the DSR scenario. As 
one could perhaps expect intuitively, the act of deforming a symmetry structure is (if all other 
conditions are roughly the same) softer than the act of breaking a symmetry structure. 



E. Photo-pion production threshold anomalies and the cosmic-ray spectrum 

In the preceding subsection I discussed the implications of possible Planck-scale effects for the 
process 77 — ► e + e~, but of course this is not the only process in which Planck-sc ale e f fects can be 
important. In particular, there has been strong interest [IE, \M, E3, E3, H3, M, Eq3, GH in the 



analysis of the "photopion production" process, ^7 — ► pir. As I already stressed in Subsection I.D, 
interest in the photopion-production process originates from its role in our description of the high- 
energy portion of the cosmic-ray spectrum. The "GZK cutoff' feature of that spectrum is essentially 
obtained as the threshold energy for cosmic-ray protons to produce pions in collisions with CMBR 
photons. The argument suggesting that Planck-scale modifications of the dispersion relation may 
affect significantly the estimate of this threshold energy is of course completely analogous to the 
one discussed in the preceding subsection for 77 — > e + e~. However, the derivation is somewhat 
more tedious: in the case of 77 — ► e + e~ the calculations are simplified by the fact that both 
outgoing particles have mass m e and both incoming particles are massless, whereas for the threshold 
conditions for the photopion-production process one needs to handle the kinematics for a head-on 
collision between a soft photon of energy e and a high-energy particle of mass m p and momentum 

k p producing two (outgoing) particles with masses m^m^ and momenta k' p ,k n . The threshold can 
then be conveniently [27( characterized as a relationship describing the minimum value, denoted 
by kpthi that the space momentum of the incoming particle of mass m p must have in order for the 
process to be allowed for given value e of the photon energy: 



4e V 4eE£ \(m p + m n ) 



(dropping terms suppressed by both the smallness of E~ l and the smallness of e or m p 7r ). 

Notice that whereas in discussing the pair-production threshold relevant for observations of TeV 
gamma rays I had immediately specialized ([3]) to the case n = 1, here I am contemplating values 
of n that are even greater than 1. One could of course admit n > 1 also for the pair-production 
threshold analysis, but it would be a mere academic exercise, since it is easy to verify that in that 
case Planck-scale sensitivity is within reach only for n not greater than 1. Instead (as I briefly 
stressed already in Subsection I.D) the role of the photopion-production threshold in cosmic-ray 
analysis is such that even for the case of values of n as high as 2 (i.e. even for the case of effects 
suppressed quadratically by the Planck scale) Planck-scale sensitivity is not unrealistic. In fact, 
using for m p and 1% the values of the masses of the proton and the pion and for e a typical CMBR- 
photon energy one finds that for negative 77 of order 1 (effects introduced at the Planck scale) the 
shift of the threshold codified in ([2"0j) is gigantic for n = 1 and still observably large [H, [27J for 
n = 2. 
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For negative rj the Planck-scale correction shifts the photopion-production threshold to higher 
values with respect to the standard classical-spacetime prediction, which estimates the photopion- 
production threshold scale to be of about 5W 19 eV. Assuming 15 that the highest energy observed 
cosmic rays are protons, when the spectrum reaches the photopion-production threshold one should 
first encounter a pileup of cosmic rays with energies just in the neighborhood of the threshold scale, 
and then above the threshold the spectrum should be severely depleted. The pileup results from the 
fact that protons with above-threshold energy tend to loose energy through photopion production 
and slow down until their energy is comparable to the threshold energy. The depletion above the 
threshold is the counterpart of this pileup (protons emitted at the source with energy above the 
threshold tend to reach us, if they come to us from far enough, with energy comparable to the 
threshold energy). 

The availability in this cosmic-ray context of Planck-scale sensitivities for values of n all the way 



up to n = 2 was already fully established by the year 2000 [26|, |27( . The debate then quickly fo- 
cused on establishing what exactly the observations were telling us about th e pho topion-production 
threshold. The fact that the AGASA cosmic-ray observatory announced [l 1 2t | evidence of a be- 
haviour of the spectrum that was of the type expected in the Planck-scale picture generated a lot 
of interest. However, more rece nt cosmic-ray observations, most notably the ones reported by the 
Pierre Auger observatory [ll3t|. a ppear to show absolutely no evidence of unexpected behaviour. 
There is even some evidence jll4 | suggesting that to the highest-energy observed cosmic rays one 
can associate some relatively nearby sources, and that all this is occurring at scales that fit very 
well in the standard picture of the photopion-production threshold, without Planck scale effects. 

These results reported by the Pierre Auger Observatory are already somewhat beyond the 
"preliminary" status, and within a year or two we should have at our disposal very robust cosmic- 
ray data, which should be easily converted into actual experimental bounds on the parameters of 
Planck-scale test theories. 

Even for pure-kinematics test theories this type of data analysis is rather strongly relevant. For 
example, the kinematics of the PKVO test theory forbids (for negative r\ of order 1 and n < 2) 
photopion production when the incoming proton energy is in the neighborhood of 510 19 ey and the 
incoming photon has typical CMBR energies. Already the observations reported so far by the Pierre 
Auger Observatory provide strong evidence that instead for 510 19 eV protons and CMBR photons 
the photopion-production process is allowed. As the quality of data improves this deduction will 
of course become more and more robust. For reasons that I already stressed (for other contexts) 
previously in this review, in order to establish a robust experimental limit on pure-kinematics 
scenarios using the role of the photopion-production threshold in the cosmic-ray spectrum it would 
be necessary to also exclude that other background photons (not necessarily CMBR photons) be 
responsible for the observed cutoff 16 . In light of the quality of the data we expect from a few years 
of running of the Pierre Auger Observatory it appears likely that such a level of understanding of 
the cosmic-ray spectrum will be achieved in the not-so-distant future. 

For the FTVO test theory, since it goes beyond pure kinematics, one is not subject to similar 
concerns. However, the fact that it admits the possibility of different effects for the two helicities 
of the incoming proton, and definitely predicts a correlation of the sign of the effect with the 
polarization of the incoming ("target") photon, complicates and renders less sharp this type of 



Most studies suggest [l07t ] that indeed the highest energy cosmic rays are protons. An alternative is the one of heavy 
nuclei, but it would not change much the Planck-scale analysis. The heavy nuclei can undergo photodisintegration 
when interacting with CMBR photons. And it just happens to be true that the photodisintegration threshold 
is reached when the energy of typical heavy nuclei, say Fe, is ~ 5xl0 19 eV, i.e. just about the value of the 
photopion-production threshold expected for cosmic-ray protons. This renders most of the observations used 
in the quantum-gravity-phenomenology of the cosmic-ray spectrum rather insensitive to the (however limited) 
residual uncertainty between protons and heavy nuclei as candidates for the highest-energy cosmic rays. 
We are here dealing again with the limitations that pure-kinematics particle-reaction analyses suffer when the 
properties of the incoming particles are not fully under control. The pure kinematics of the PKVO test theory 
definitely forbids (for negative rj of order 1 and n < 2) pion production resulting from collisions between a 5W 19 eV 
proton and a CMBR photon. But it allows pion production resulting from collisions between a 510 19 eV proton 
and more energetic photons, and in order to exclude that possibility one ends up formulating assumptions about 
dynamics (low density of relevant photons may be compensated by unexpected increase in cross section). 
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cosmic-ray analyses. It does raise however some intriguing possibilities: for example, exploiting 
the possibility of helicity dependence of the Planck scale effect for protons one can rather naturally 
end up with a scenario that predicts a pileup/cutoff structure somewhat similar to the one of the 
standard classical-spacetime analysis, but softer as a result of the fact that only roughly half of the 
protons would be allowed to loose energy by photopion production. Also the possibility to explore 
this type of scenarios may well be within the reach of a few years of running the Pierre Auger 
Observatory. 

Finally for what concerns my chosen DSR test theory I should just stress that, for reasons that 
are completely analogous [EE, [9l(] to the ones I discussed earlier for the case of the pair-production 
threshold and gamma-ray observations, its predictions for the GZK threshold are indistinguishable 
from the ones of an ordinary classical-spacetime analysis (the original GZK analysis). Within my 
chosen DSR test theory the value of the photopion-production threshold is actually different from 
the one obtained in an ordinary classical-spacetime analysis, but the differences are far too small 
to be observably meaningful in this cosmic-ray context. 



F. Pion non-decay threshold and cosmic-ray showers 

Also relevant for the analysis of cosmic-ray observations is another aspect of the possible im- 
plications of Planck-scale departures from Lorentz symmetry: the possibility of a suppression of 
pion decay at ultrahigh energies. While in some cases departures from Lorentz symmetry allow the 
decay of otherwise stable particles (as in the case of 7 — » e + e~, discussed above, for appropriate 
choice of values of parameters), it is indeed also possible for departures from Lorentz symmetry to 
either introduce a threshold value of the energy of the particle above which a certain decay channel 



for that particle is totally forbidden [1151 ] , or introduce some sort of suppression of the decay prob- 
ability which increases with energy and becomes par ticularly effective above a certain threshold 
value of the energy of the decaying particle [H, I lQOf ] . This may be relevant for the description 
of the air showers produced by cosmic rays, whose structure depends rather sensitively on certain 
decay probabilities, particularly the one for the decay it — > 77. 

The possibility of suppression at ultrahigh energies of the decay ir — ► 77 has been consid- 
ered from t he q uantum-gravity-phenomenology perspective primarily adopting PKVO-type frame- 
works [98l . llOOl ]. Using the kinematics of the PKVO test theory one easily arrives [9§] at the 
following relation between the opening angle <f> between the directions of the momenta of the out- 
going photons, the energy of the pion (E n ) and the energies (E and E' = E w — E) of the outgoing 
photons: 

2EE> -ml + 3L p E n EE' 
C ° S( ^ = 2EE> + L^EE' • (21) 

This relation shows that at high energies the phase space available to the decay is anomalously 
reduced: for given value of E n certain values of E that would normally be accessible to the decay 
are no longer accessible (they would require cosO > 1). This anomaly starts to be noticeable at 
pion energies of order (m^/Lp) 1 ' 3 ~ 10 15 eV, but only very gradually (at first only a small portion 
of the available phase space is excluded) . 

This is rather striking since there is a report jl!6| | of experimental evidence of anomalies for 
what concerns the structure of the air showers produced by cosmic rays, particularly for what 
concerns their longitudinal development. And it has been argued in Ref. [116l ] that these unexpected 
features of the longitudinal development of air showers could be explained in terms of a severely 
reduced decay probability for pions of energies of 10 15 ey and higher. This is still to be considered 
a very preliminary observation, not only because of the need to acquire data of better quality 
on the development of air showers, but also because of the role {98} ] that our limited control of 
nonperturbative QCD has in setting our expectations for what air-shower development should look 
like without new physics. 

Therefore, while certainly this is an intriguing opportunity, it is too early to argue that there is 
robust evidence of new physics in the observations of the development of air showers. And actually 
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the uncertainties on the experimental and on the theory side are such that at present it is difficult 
to establish what level of sensitivity to Planck-scale effects is within the reach of this strategy of 
analysis. 

One point which is clear is that this is only relevant for broken-symmetry scenarios. It is in 
particular easy to verify that in the DSR test theory that I am considering a cancellation of Planck- 
scale effects of the type of the ones I already discussed in Subsections III.C and III.D also occurs 
in the analysis of the process ir — * 77. 



G. Vacuum Cerenkov and other anomalous particle interactions 

The quantum-gravity-phenomenology analyses I have reviewed so far are in many ways the 
most significant Planck-scale studies of departures from Lorentz symmetry and among the most 
significant quantum-gravity-phenomenology analyses overall. By considering the possibility of a 
photon-decay threshold one ends up establishing that quantum-gravity phenomenology really has 
already within its reach the ability to completely falsify a Planck-scale picture (since, as explained 
above, evidence of such a photon-decay threshold would rule out DSR completely). The analyses 
of the pair-production threshold for gamma rays, of the photop ion-production threshold for cosmic 
rays, and of a possible non-decay threshold for pions, are cases in which the data relevant for 
the Planck-scale effect under study are actually data that can be perceived as providing some 
encouragement for new physics. One can indeed legitimately argue [28[] that the observed level of 
absorption of TeV gamma rays is lower than expected, and may suggest "new physics" (but, as 
stressed in Subsection III.C, taking into account several factors, and especially our poor knowledge 
of the infrared background radiation, it ends up being perhaps even more reasonable to prudently 
state that there is no evidence of anomalies at present). And for the photopion-production cutoff of 
the cosmic-ray spectrum there has been for several years a popular interpretation of then available 
data as possible manifestation of new physics (but, as stressed in Subsection III.D, the recent Auger- 
observatory data, while still to be treated prudently as preliminary, appear to suggest that no new 
physics is needed to describe the cosmic-ray spectrum). And for what concerns the possibility of a 
pion non-decay-threshold, as I just stressed in the preceding subsection, there are some preliminary 
data that admit interpretation as a manifestation of the relevant effect. 

The ability to falsify and to discover are of course the key qualities of a phenomenology. The 
particle-interaction analyses described in Subsections III.C, III.D, III. E show that quantum-gravity 
phenomenology does have the ability to discover its target new physics, so much so that some 
(however tentative) "experimental puzzles" have been considered and are being considered from 
the quantum-gravity perspective. 

While the distinction of involvement in the discussion of some (apparent) "experimental puz- 
zles" has earned most of the spotlight, within quantum-gravity-phenomenology discussions, for the 
particle-interaction analyses described in Subsections III.C, III.D, III. E, it is of course important 
to consider the implications of Planck-scale departures from Lorentz symmetry, and particularly 
Planck-scale modifications of the dispersion relation, for all possible particle interactions. And a 
very valuable type of particle interactions to be considered are the ones that are forbidden in a 
standard special-relativistic setup but could be allowed in presence of Planck-scale departures from 
Lorentz symmetry. These interactions could be called "anomalous particle interactions", and in 
the analysis of some of them one does find opportunities for Planck-scale sensitivity. 

For a comprehensive list (and more detailed discussion) of these anomalous-particle-interaction 
analyses, which are relevant for the whole subject of the study of possible depa rtur es from Lorentz 
symmetry (within or without quantum gravity), readers can rely on Refs. [43. Ill7l | and references 
therein. 

I will here just briefly mention one more significant example of anomalous particle interac- 
tion that is relevant from a quantum-gravity-phenomenology perspective: the "vacuum Cerenkov" 
process, e~ — > e~7, which in certain scenarios with broken Lorentz symmetry is allowed above a 
threshold value of electron energy, just in the same sense and by the same mechanism of the process 
7 — ► e~e + (which is another example of anomalous particle interaction) I discussed in Subsection 
III.C. 
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Since we have no evidence at present of vacuum-Cerenkov processes the relevant analyses are 
of the type that sets limits on the parameters of some test theories. And, as in all cases in which 
one sets limits on the basis of the prediction of a new threshold, the analysis requires a test theory 
that also describes dynamics, because (as I stressed already earlier in this section) the limits set on 
parameters will depend on how likely the process is to occur when the conditions established by the 
kinematical threshold are satisfied. Indeed the FTVO test theory has been used in analyses of the 
vacuum-Cerenkov process, and there actually, if one arranges for opposite-sign dispersion-relation 
correction terms for the two helicities of the electron, one can in prin ciple have helicity-changing 



e~ — > e~7 at any energy (no threshold), but estimates performed [43J, 11171 ] within the FTVO test 
theory show that the rate is extremely small at low energies. 

Above the threshold for helicity-preserving e~ — > e~7 the FTVO rates are substantial, and this 
in particular would allow an analysis with Planck-scale sensitivity that relies on observations of 
50-TeV gamma rays from the Crab nebula. The argument is based on several assumptions (but 
all apparently robust) and its effectiveness is somewhat limited by the combination of parameters 
allowed by FTVO setup and by the fact that for these 50-TeV gamma rays we observe from 
the Crab nebula we can only reasonably guess a part of the properties of the emitting particles. 
According to the most commonly adopted model the relevant gamma rays a re em itted by the Crab 



nebula as a result of inverse Compton processes, and from this one infers |43l . lll7t ] that for electrons 
of energies up to 50 TeV the vacuum Cerenkov process is still ineffective, which in turn allows one 
to exclude certain corresponding regions of the FTVO parameter space. 



H. In-vacuo dispersion for photons 

A wavelength dependence of the speed of photons is obtained from a modified dispersion relation, 
if one assumes the velocity to be still described by v = dE/dp. In particular, from the dispersion 
relation of the PKVO test theory one obtains (at "intermediate energies", m < E <C E p ) a velocity 
law of the form 

m? n + 1 E n , . 

+ (22) 



2E 2 1 2 J3» 

It is rather significant that on the basis of this formula one would find that two simultaneously- 
emitted photons should reach the detector at different times if they carry different energy. And this 
time-of-arrival-difference effect can be significant! 19] in the analysis of short-duration gamma-ray 
bursts that reach us from cosmological distances. For a gamma-ray burst it is not uncommon 17 
that the time travelled before reaching our Earth detectors be of order T ~ 10 17 ,s. Microbursts 
within a burst can have very short duration, as short as 10 _3 s, and this means that the photons 
that compose such a microburst are all emitted at the same time, up to an uncertainty of 10~ 3 s. 
Some of the photons in these bursts have energies that extend at least up to the GeV range, and 
for two photons with energy difference of order AE ~ lGeV a AE/E p speed difference over a time 
of travel of 10 17 s would lead to a difference in times of arrival of order At ~ TA-§- ~ 10 _2 s which 

is significant (the time-of-arrival differences would be larger than the time-of-emission differences 
within a microburst). So clearly, for n = 1, through this strategy, sensitivity to \rj\ ~ 1 ("Planck- 
scale sensitivity") is within our reach. And indeed it is well established [1181 ] th at th e sensitivities 
achievable with the next generation of gamma-ray telescopes, such as GLAST [l!8l ]. could allow 
to test very significantly (|22[) in the case n = 1, by possibly pushing the limit on |?7| far below 1. 

This in-vacuo-dispersion analysis of gamma-ray bursts is extremely popular within the quantum- 
gravity-phenomenology community. Its most important quality is the very limited number of as- 
sumptions on which it relies. It comes very close to being a direct test of a Planck-scale modification 



Up to 1997 the distances from the gamma-ray bursters to the Earth were not established experimentally. By a 
suitable analysis of the gamma-ray-burst "afterglow" it is now possible to establish the distance from the gamma-ray 
bursters to the Earth for a significant portion of all detected bursts. 10 10 light years (~ 10 17 s) is not uncommon. 
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of the dispersion relation, and in fact it applies essentially in the same way (and essentially with 
the same effectiveness) to all the 3 test theories that I am considering, with only some relatively 
minor differences. For the DSR test theory one might give priority to positive values of 77 (positive 
X/Lp), since with negative rj our leading-order test theory does not appear to admit extension to 
a test theory at all order in the Planck (A) scale [9l|]. Also, of course, in comparing the DSR 
test theory to the PKVO test theory within this context, with the availability of a large collection 
of relevant events one could look for evidence of a preferred frame (in the PKVO test theory the 
magnitude of the effects will depend not only on the source-Earth distance but also on the state 
of motion of the source and the Earth with respect to the preferred frame). 

In comparing the PKVO and the FTVO test theories, one could exploit the fact that whereas 
for the PKVO (and the DSR) test theory the Planck-scale-induced time-of-arrival difference would 
affect a multi-photon microburst by setting a difference in the "average arrival time" of the signal 
in different energy channels, within the FTVO test theory one would expect a dependence of the 
time-spread of a microburst that grows with energy. This originates of course from the polarization 
dependence imposed by the structure of the FTVO test theory: for low-energy channels the whole 
effect will anyway be small, but in the highest-energy channels the fact that the two polarizations 
travel at different speed will manifest itself as spreading in time of the signal, without any net 
average-time-of-arrival effect for an ideally unpolarized signal. Since there is evidence that at least 
some gamma-ray bursts are somewhat far from being ideally unpolarized, one could also exploit a 
powerful correlation: within the FTVO test theory one expects to find some bursts with sizeable 
average-time-of-arrival differences between energy channels, but for those bursts the differences in 
time spreading in the different channels should be less visible, and some bursts with much less 
average-time-of-arrival differences between energy channels but a clearly noticeable difference in 
time spreading in the different channels. 

And since polarization-sensitive observations of gamma-ray bursts are possible one could look 
directly for the polarization dependence predicted by the FTVO test theory: one would expect to 
find that for all bursts one of the polarizations tends to arrive at earlier times with respect to the 
other polarization. 

Clearly these in-vacuo gamma-ray dispersion studies provide us at present with the cleanest 
opportunity to look for Planck-scale modifications of the dispersion relation. Unfortunately they 
are not very powerful: they do provide us comfortably with Planck-scale sensitivity to linear 
(n = 1) modifications of the dispersion relation, but are unable to probe significantly the case of 
quadratic (n = 2) modifications. As I shall stress in the next subsection one can achieve Planck- 
scale sensitivity to quadratic Planck-scale modifications of the dispersion relation by following the 
same strategy but considering neutrinos instead of photons. 

For what concerns the applicability to a wide range of quantum-gravity scenarios with modified 
dispersion relations this phenomenology programme is also uniquely powerful. In particular, it is 
completely insensitive to the whole issue about description of dynamical aspects of quantum gravity. 
Still one should prudently be aware of the fact that it might be inappropriate to characterize these 
studies as tests that must apply to all quantum-gravity pictures with modified dispersion relations. 
Most notably, the assumption of obtaining the velocity law from the dispersion relation through 
the formula v = dE/dp may or may not be valid in a given quantum-gravity picture. Validity of 
the formula v = dE/dp essentially requires that the theory is still "Hamiltonian" , at least in the 
sense that the velocity along the x axis is obtained from the commutator with an Hamiltonian 
(v ~ [x,H]), and that the Heisenberg commutator preserves its standard form ([x,p] ~ h so that 
x ~ d/dp). Especially this second point is rather significant since heuristic arguments of the type 
also used to motivate modified dispersion relations suggest [86|,l87( that the Heisenberg commutator 
might have to be modified in the quantum-gravity realm. 

For what concerns challenges for data analysis, as for other types of studies based on observations 
in astrophysics I discussed earlier, the fact that the source of the signal is not under our control is an 
inconvenience also for these gamma-ray-burst in-vacuo-dispersion studies. But even in this respect 
the situation here is advantageous, since the availability of some clear markers of the in-vacuo- 
dispersion effect can be exploited to achieve results that are essentially free from uncertainties 
originating from our lack of knowledge of the sources, at l east in cases when the analysis can rely 
on a large data sample. For example, it is not implausible |ll9l ] that the engine mechanism causing 
the burst of gamma rays be such to introduce a correlations at the source between the energy of 
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the emitted photons and time of their emission. On a single observation of gamma-ray-burst event 
such at-the-source correlations would be essentially indistinguishable from the effect we expect 
from in-vacuo dispersion, which indeed is a correlation between times of arrival and energies of 
the photons. However, the structure of in-vacuo dispersion is such that the effect should grow 
linearly 18 with the distance travelled by the signal, and this can of course turn into a powerful 
background-removal tool when the data sample includes several gamma-ray bursts. 

Using these observations even a simple comparison of (average) times of arrival in different 
energy channels of a microburst (within a longer gamma-ray burst) can be a rather powerful 
tool of analysis. And there is room for implementing more sophisticated strategies of statistical 
analysis, providing even more powerful tools for the search (or falsification) of this Planck-scale 
effect. A no teworthy example of the possibility of more sophisticated statistical analyses is offered 
in Ref. |l2l| . which essentially relies on a best-fit technique determining as our best guess for the 
amount of dispersion that affected a certain observed signal the one that would correspond to the 
most plausible description of the form of the signal as emitted by the source. Actually very little 
is known of the shape of a gamma-ray-burst time profile at the source, but one can still use the 
observation that the fine time structure of a signal would be "distorted" by the conjectured energy 
dependence of the speed of photons. One can therefore attempt to remove the "signal distortion" 
(here simply intended as anything that modifies some characteristic properties of the signal) by 
applying to each photon with energy E in the observed signal the appropriate "inverse time shift" . 
If we had a sizeable amount of information on the properties of the signal at the source this type 
of technique could be formidably powerful. And it is still a valuable tool in spite of the fact that 
we know very little of the pr opert ies of the signal at the source. For example, some insight can be 
gained by exploiting the fact [l 2 it ] that a pulse of electromagnetic radiation can be diluted (so that 
its power, the energy per unit time, decreases) as it propagates through a dispersive medium: this 
can be used to determine the appropriate "inverse time shift" as the one that maximizes power in 
a given time interval. 



Bursts of gamma rays are ideally suited for in-vacuo-dispersion studies, but as mentioned the 
fact that one expects to observe them only up to relatively low energies renders them only suitable 
for studies of linear (n = 1) Planck-scale modifications of the dispersion relation. Hoping to probe 
more broadly the form of the dispersion relation with in-vacuo dispersion studies, one can of course 
consider other astrophysics signals. 

One possibility [8gj is the one of 1987a-type supernovae; however such supernovae are typically 
seen at distances not greater than some 10 5 light years. Then a sensitivity comparable to the one 
achievable in the study of photons from gamma-ray bursters would require observation of 10-TeV 
particles from a 1987a-type supernova, and it is unlikely that significant statistics (with rich time 
structure) would be available for such supernova studies in the near future. So using 1987a-type 
supernovae one might have serious difficulties to achieve Planck-scale sensitivity for linear (n = 1) 
modifications of the dispersion relation, and clearly they cannot provide an opportunity to go 
beyond linear order. 

Another possibility is the observation of blazars, which are typically at shorter distances (in 
most cases in the hundreds of megaparsecs) and have a poorer time structure than gamma-ray 
bursts, but have been observed up to energies of tens of TeVs. For blazars Planck-scale sensitivity 
for linear (n = 1) modifications of the dispersion relation is robustly established, and actually one 
of the presently most competitive limits on in-vacuo dispersion has been established through an 
analysis [29] of a TeV-gamma-ray short-duration flare from the "Markarian 421" blazar. However, 



Throughout the schematic discussion I offer in this section my comments for simplicity make reference to a 
Minkowski-fiat Unive rse O f course, the correct analysis must take into account redshift (and this may show up in 
more than one point |l2p| ]). but this does not change matters in a qual itatively significant manner: even for the 
most distant bursts the implications of red-shift essentially amount |l20( ] to a correction factor of order 1. 




I. Quadratic anomalous in-vacuo dispersion for neutrinos 
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also in this case it appears to be impossible to probe the dispersion relation beyond the linear 
(n = 1) order. 

The prospect of observing photons with energies up to 10 1 8ey using air showers |l22l ] is very 
exciting, and should be pursued very forcefully, but it represents an opportunity whose viability 
still remains to be fully established. 

The most advanced plans for in-vacuo-dispersion studies with sensi tivity up t o quadra t ic (n = 2) 
Planck-scale modifications of the dispersion relation actually exploit jl23l . 124 . 125 . 126l . 127 ] once 
again the extraordinary properties of gamma-ray bursters, but their neu t rino emissions rather than 
their production of gammas. Indeed, according to current models [l28l . 129t |. gamma-ray bursters 
should also emit a substantial amount of high-energy neutrinos. Some neutrino observatories 
should soon observe neutrin os with en ergies between 10 14 and 10 19 eV, and one could either (as it 
appears to be more feasible jl26l . Il27l ] ) compare the times of arrival of these neutrinos emitted by 
gamma-ray bursters to the corresponding times of arrival of low-energy photons or compare the 
times of arrivals of different-energy neutrinos (which however mig ht re quire larger statistics than it 
seems natural to expect). According to a rather robust estimate [1261 ] it should be possible to use 
these observations to probe the form of the neutrino dispersion relation up to quadratic (n = 2) 
correction terms, but this will require the combined analysis of several gamma-ray bursts observed 
both as gamma and as neutrino signals. 



J. Implications for the Bahcall-Waxman neutrino bound 

The next opportunity for tests of Planck-scale modifications of the dispersion relation that I 
intend to discuss combines some elements of the points made in the last few subsections, since 
it concerns neutrino astrophysics and it uses the implications of modified dispersion relations for 
the threshold conditions o f cer tain particle-physics processes. It is relevant for a bound proposed 
by Bahcall and Waxman [l3df ] on the basis of the observation that the same particles which we 
observe as high-energy cosmic rays should also lead to neutrino production at the source. Using the 
observed cosmic ray fluxes Bahcall and Waxman derive a bound (the "Bahcall-Waxman bound") 
on the flu x of high-energy neutrinos that can be revealed in astrophysics observatories. It is easy 
to verify jl3ll ] that Planck-scale deformations of the dispersion relation can modify the Bahcall- 
Waxman bound, and this in turn could be turned into limits on the parameters of the relevant 
Planck-scale test theories. 

The Bahcall-Waxman neutrinos are produced by cosmic rays before they escape the source, 
particularly through chains of processes initiated by a processes of the type p + 7 — > X + tt, with 
a cosmic-ray proton interacting with photons of the source and producing pions (tt) and other 
particles (X). The produced pions then in turn lead to neutrino production through the decays 
7r + — ► /j + + Vn and /j + — > e + + v e + j/„. The implications of modified dispersion relations for the 
processes p+7 — > X+tt are of course analogous to the ones I already discussed for the particular case 
p+7 — > p+TT in Subsection III.E: for example, with PKVO kinematics one finds that, for negative 77, 
the threshold for these processes is shifted higher than in the standard classical-spacetime picture. 
The result is that for a proton of energy, say, ~ 10 19 ey which is escaping from a source (e.g. an 
AGN), the photons of the source that could be eligible for production of charged pions would be all 
those with energy > e m i n ~ O.Oley, according to the standard classical-spacetime picture, whereas 
with PKVO kinematics with 77 ~ —1 one finds [l3l| that only photons with energy > e^^ 1 ~ 10 9 eV 
can interact with a 10 19 eU proton in a p + 7 — > X + 7r process. 

Since in a typical source the abundance of photons with e > 10 9 eU is much smaller (by several 
orders of magnitude) than the abundance of photons with e > O.OleU, the Planck-scale effect 
would induce a very sizeable reduction in the probability that a charged pion be produced before 
the proton escapes the source, and in turn this leads to a decrease in the expected high-energy 
neutrinos flux, which in the c ase o f the PKVO test theory with n = 1 and 77 ~ —1 is a reduction 



by many orders of magnitude 131] below the level set by the standard Bahcall-Waxman bound. 

So for negative rj the Bahcall-Waxman bound would be strengthened. The reverse is true for 
the positive-77 case: according to the PKVO kinematics with positive rj one finds that photons in 
the source with energies even below O.OleU are viable targets for the production of charged pions 
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by protons with energy ~ 10 eV, and as a result one expects a higher level of production of 
high-energy neutrinos than in the standard Bahcall-Waxman de scrip tion. 

For both choices of sign of 77 this type of analysis very clearly [131| | has the potential for Planck- 
scale sensitivity, at least for the case n = 1. And actually the data analysis would be easier in the 
positive-77 case, since the signature to look for would be a violation of the standard Bahcall-Waxman 
bound. In the negative-77 case one would instead expect that the actual observations of high-energy 
neutrinos fall much short of saturating the standard Bahcall-Waxman bound, but would still be 
compatible with the standard Bahcall-Waxman bound (results compatible with the stronger of two 
bounds are of course also compatible with the softer one). In itself this would be a result of difficult 
interpretation, but it could be used as a consistency check for the indications emerging from other 
experimental studies. For example if there was evidence of reduced absorption of gamma rays, and 
one was considering an interpretation in terms of a Planck-scale-induced upward shift of the pair- 
production threshold, it would be valuable to look for evidence of a flux of high-energy neutrinos 
at levels much below the saturation of the Bahcall-Waxman bound. 



K. Implications for neutrino oscillations 



It is well established 115l . ll32l . ll33l . ll34l . ll35 ] that flavour-dependent modifications to the energy- 
momentum dispersion relations for neutrinos may lead to neutrino oscillations even if neutrinos 
are massless. This point is not directly relevant for the three test theories I have chosen to use 
as frameworks of reference for this review. Both the PKVO test theory and my chosen DSR test 
theory adopt universality of the modification of the dispersion relation. And also the FTVO test 
theory describes flavour-independent effects (its effects are "nonuniversal" only for what concerns 
polarization/helicity). Still I had to at least mention this possibility both because clearly flavour- 
dependent effects may well attract gradually more interest from quantum-gr avity phenomenolo- 
gists (some valuable analysis have already been produced; see, e.g., Refs. [431. Ill7l | and references 
therein), and because even for researchers focusing on flavour- independent effects it is of course 
important to be familiar with constraints that may be set on flavour-dependent scenarios (those 
constraints, in a certain sense, provide motivation for their adoption of flavour independence). 

Most studies of neutrino oscillations induced by violations of Lorentz symmetry were actually 
not motivated by quantum-gravity research (they were part of the general Lorentz-symmetry-test 
research area) and assumed th at th e flavour-dependent violations would take the form of a flavour- 
dependent speed-of-light scale 1151 ]. which essentially corresponds to the adoption of a dispersion 
relation of the type ([3D, but with n = 0, and flavour-dependent values of r\. A few studies have 
considered the case 19 n = 1 (still with flavour-dep ende n t 77) , whic h is instead mainly of interest 
from a quantum-gravity perspective 20 , and found [1321 . 1 1331 . Il35l ] that for n = 1 from ([3|) one 
naturally ends up with oscillations lengths that depend quadratically on the inverse of the energies 
of the particles (L ~ E~ 2 ), whereas in the case n = (flavour-dependent speed-of-light scale) such 
a strong dependence on the inverse of the energies is not possible [l32t | . In principle, this opens 
an opportunity for the discov ery of ma nifestations of the flavour-dependent n = 1 case through 



studies of neutrino oscillations 132 . 135| |: however, at present there is no evidence of a rol e for these 



effects in neutrino oscillations and therefore the relevant data analyses produce bounds 132 . 1351 ] 
on flavour dependence of the dispersion relation. 

In a part of the next section I shall comment again on neutrino oscillations, but for what 
concerns the possible role of quantum-gravity-induced decoherence (rather than Lorentz-symmetry 
violations). 



Also noteworthy is the analysis reported in Ref. [13g], which argues that neutrino oscillations may play a role 
also for other aspects of quantum-gravity phenomenology, in addition to their use in relation to flavour-dependent 
Planck-scale modifications of the dispersion relation. 

This is in part due to the fact that "naive quantum gravity" is not a renormalizable theory, and as a result the 
restriction to power-counting renormalizable correction terms (which is standard outside quantum-gravity research) 
is expected not to be necessarily applicable to quantum-gravity research. 
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L. Synchrotron radiation and the Crab Nebula 



Another opportunity to set limits on test theories with Planck-scale modified dispersion rela- 
tions is provided by the study of the implications o f modifie d dispersion relations for synchrotron 
radiation. The starting point of these analyses [l37l . Il38l . 139| is the observation that in the conven- 
tional (Lorentz-invariant) description of synchrotron radiation one can estimate the characteristic 
energy E c of the radiation through a semi-heuristic derivation 14d( | leading to the formula 



Ec ~ WITT 1 T ' ( 23 ) 

R-o-[Vy — v e \ 

where v e is the speed of the electron, v-y is the speed of the photon, 5 is the angle of outgoing 
radiation, and R is the radius of curvature of the trajectory of the electron. 

Assuming that the only Planck-scale modification in this formula should come from the velocity 
law (described using v = dE/dp in terms of the modified dispersion relation), one finds that in 
some instances the characteristic energy of synchrotron radiation may be significantly modified by 
the presence of Planck-scale modifications of the dispersion relation. This originates from the fact 
that, for example, according to (|22p . for n = 1 and r/ < 0, an electron cannot have a speed that 
exceeds the value v™ ax ~ 1 — (?> /2){\ri\m e / E p ) 2 ^ , whereas in special relativity v e can take values 
arbitrarily close to 1. 

As an opportunity to test such a modifi catio n of the value of the synchrotron-radiation charac- 



teristic energy one can attempt to use data [1371 ] on photons emitted by the Crab nebula. This must 
be done with caution since the observational information on synchrotron radiation being emitted 
by the Crab nebula is rather indirect: some of the photons we observe from the Crab nebula are 
attributed to sychrotron processes, but only on the basis of a (rather successful) model, and the 
value of the relevant magnetic fields is also not directly measured. But the level of Planck-scale 
sensitivity that could be within the reach of this type of analysis is truly impressive: assuming that 
indeed the observational situation has been properly interpreted, and relying on the mentioned 
assum ption tha t the only modification to be taken into account is the one of the velocity law, one 
could 1371 . 1 139f ] set limits on the parameter r\ of the PKVO test theory that go several orders of 



magnitude beyond \rj\ ~ 1, for negative r\ and n = 1, and even for quadratic (n = 2) Planck-scale 
modifications the analysis would fall "just short" of reaching Planck-scale sensitivity ( "only" a few 
orders of magnitude away from \r]\ ~ 1 sensitivity for n = 2). 

However, the assumptions of this type of analysis, particularly the assumption that nothing 
changes but the velocity law, cannot even be investigated within pure-kinematics test theories, such 
as the PKVO test theory. Synchrotron radiation is due to the acceleration of the relevant charged 
particles and therefore implicit in the derivation of the formula f|23|) is a subtle role for dynamics [75|] . 
From a quantum-field-theory perspective the process of synchrotron-radiation emission can be 
described in terms of Compton scattering of the electrons with the virtual photons of the magnetic 
field, and its analysis is therefore rather sensitive even to details of the description of dynamics 
in a given theory. Indeed, essentially this synchrotron-radiation phenomenology has focused on 
the FTVO test theory and its generalizations, so that the established formalism of quantum field 
theory can be used to investigate the assumptions. The results [1391 ] confirm the availability of 
Planck-sensitivity for some combinations of parameters of the FTVO test theory, but cannot be 
translated into a strict limit on some specific parameters as a result of the fact that actually (in 
addition to the other mentioned uncertainties in the interpretation of the data) we presently have 
no elements to exclude the possibility that only one of the helicities of the electron is emitting the 
radiation, and it might even be that the radiation is not at all produced by electrons but rather 
by positrons. 



M. Birefringence and polarization 

As I stressed already a few times earlier in this review, the FTVO test theory, as a result of 
a rigidity of the adopted effective-field-theory framework, necessarily predicts birefringence, by 
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assigning different speeds to different photon polarizations. Birefringence is a pure-kinematics 
effect, so it can be also included in straightforward generalizations of the PKVO test theory, if one 
assigns different dispersion relation to different photon polarizations and then assumes that the 
speed is obtained from the dispersion relation via the standard v = dE/dp relation. 

I have already discussed some ways in which birefringence may affect other tests of dispersion- 
inducing (energy-dependent) modifications of the dispersion relation, as in the example of searches 
of time-of- arrival/energy correlations for observations of gamma-ray bursts. The most direct and 
characteristic implications of birefringence are for polarization measurements and these too can be 
very powerful to constrain test theories. A key point is that whereas with polarization-dependent 
but still energy-independent photon speeds one ends up with a simple rotation of the polarization 
plane, proportional to the distance travelled by the light wave, characteristic of optical birefrin- 
gence, in cases such as the one hosted by the FTVO test theory, in which birefringence is accompa- 
nied by an energy dependence of the speed of photons, any polarization present in a short -dur ation 
burst of photons emitted by the sources is gradually eliminated by the birefringence [H, Il4ll ] . 

Experimental limits o n th i s effe ct can therefore be derived using observations of polarized light 
from distant galaxies [43l . ll4ll . ll42 ]. Planck-scale sensitivities can be definitely achieved in this way, 
and actually one can go (for "n = 1" linear modifications of the dispersion relat ion) significantly 
beyond Planck-scale sensitivity; in particular, the analysis reported in Ref. [l4l| leads to a limit 
of |t7 7 | < 2 • 10~ 4 on the parameter r/ 7 of the FTVO test theory. An even more significant limit on 
the ?7 7 parameter (of the order of r/ 7 < 10~ 14 ) could be inferred from reported observation 143| of 



polarized MeV ga mma rays in the prompt emission of the gam ma-ray burst GRB021206. However, 
the report of Ref. jl43l | has been challenged (see e.g. Ref. [l44fj ). and should therefore be presently 
excluded from any analysis of experimental bounds on parameters. But further improvements of 
limits on "birefringence accompanied by in-vacuo dispersion" are likely to be accessible relatively 
soon, as better techniques for polarization observations in astrophysics are being developed. 



N. Testing modified dispersion relations in the lab 

Over this past decade there has been growing awareness of the fact that data analyses with 
good sensitivity to effects introduced genuinely at the Planck scale are not impossible, as once 
thought, but are instead rather conventionally doable in an (however limited) ensemble of contexts 
in astrophysics. However, the fact that there are also a handful of examples of controlled laboratory 
experiments with good sensitivity to effects introduce genuinely at the Planck scale is a part of the 
know-how of quantum-gravity-phenomenology practitioners of which physicists from other areas 
are for the most part unaware. In this subsection and in parts of the next section I will provide 
some examples of these controlled laboratory experiments. 

In this subsection my focus is on laboratory experiments testing Planck-scale modifications of 
the dispersion relation. One class of su ch experiments uses laser-light interferometry to look for 
in-vacuo-dispersion effects. In Ref. |l45l | two examples of interferometric setups were discussed in 
some detail, with the common feature of making use of a frequency doubler, so that part of the beam 
would be for part of its journey through the interferometer at double the reference frequency of 
the laser beam feeding the interferometer. The setups must of course be such that the interference 
pattern is sensitive to the fact that, as a result of in-vacuo dispersion, there is a nonlinear relation 
between the phase advancement of a beam at frequency uo and a beam at frequency 2uj. 

For my purposes here it suffices to discuss briefly one such interferometric setup. Specifically 
let me give a brief description of a setup in which the frequency (or energy) is the parameter 
characterizing the splitting of the photon state, so the splitting is in energy space (rather than 
the more familiar splitting in configuration space, in which two parts of the beam actually follow 
geometrically diffe rent paths). The frequency doubling could be accomplished using a "second har- 
monic generator" [l46l ] so that if a wave reaches the frequency doubler with frequency u then, after 
passing through the frequency doubler, the outgoing wave in general consists of two components, 
one at frequency uj and the other at frequency 2uj. 

If two such frequency doublers are placed along the path of the beam at the end one has a beam 
with several components, two of which have frequency 2uj: the transmission of the component 
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which left the first frequency doubler as a 2lo wave, and another component which is the result 
of frequency doubling of that part of the beam which went through the first frequency doubler 
without change in the frequency. Therefore, the final 2lo beam represents an interferometer in 
energy space. 

As shown in detail in Ref. [I45l | the intensity of this 2uj beam takes a form of the type 

7 (2u;) =i a + i b C o S ( a + (k' - 2k)L) , (24) 

where L is the distance between the two frequency doublers, I a and lb are L- independent (the y 
depend on the amplitude of the original wave and the effectiveness of the frequency doublers [l45l |). 
the phase a is also L-independent and is obtained combining several contribution s to the phase 
(both from the propagation of the wave and introduced by the frequency doublers 1451 ]). k is the 
wave number corresponding to the frequency uj through the dispersion relation, and k' is the wave 
number corresponding to the frequency 2uj through the dispersion relation (since the dispersion 
relation is Planck-scale modified one expects departures from the special-relativistic result k' = 2k). 

Since the intensity only depends on the distance L between the frequency doublers through the 
Planck-scale correction to the p hase , {k 1 — 2k)L, by exploiting a setup tha t all ows to vary L one 
should rather easily disentangle jl45f] the Planck-scale effect. And one finds |l45l ] that the accuracy 
achievable with modern interferometers, such as LIGO and VIRGO, is sufficient to achieve Planck- 
scale sensitivity (e.g. sensitivity to \rj\ ~ 1 in the PKVO test theory with n = 1). It is of course 
rather optimistic to assume that the accuracy achieved in standard interferometers would also be 
achievable with this peculiar setup, particularly since it would require the optics aspects of the 
setup (such as lenses) to work with that high accuracy simultaneously with two beams of different 
wavelength. Moreover, it would require some very smart technique to vary the distance between 
the frequency doublers without interfering with the effectiveness of the optics aspects of the setup. 
So in practice we would not be presently capable of using such setups to set Planck-scale-sensitive 
limits on in-vacuo dispersion, but the fact that the residual obstructions are of rather mundane 
technological nature encourages us to think that in the not-so-distant future tests of Planck-scale 
in-vacuo dispersion in controlled laboratory experiments will be possible. 

Besides in-vacuo dispersion another aspect of the physics of Planck-scale modified dispersion 
relations that we should soon be able to test in controlled laboratory experiments is the one 
concerning anomalous thresholds, at least in the case of the 77 — ► e + e~ process which I already 
considered from an astrophysics perspective in Subsection III.D. It is in fact not so far from 
our present technical capabilities to set up collisions between WTeV photons and 0.03eV photons, 
thereby reproducing essentially the situation of the analysis of blazars that I discussed in Subsection 
III.D. And notice that with respect to the analysis of observations of blazars such controlled 
laboratory studies would give much more powerful indications. In particular, for the analysis 
of observations of blazars that I discussed in Subsection III.D a key limitation on our ability to 
translate the data into experimental bounds on parameters of a pure-kinematics framework was 
due to the fact that (even assuming we are indeed seeing absorption of multiTey photons) the 
astrophysics context does not allow us to firmly establish whether the absorption is indeed due to 
the infrared component of the intergalactic background radiation (as expected) or instead is due 
to a higher-energy component of the background (in which case the absorption would instead be 
compatible with some corresponding Planck-scale pictures). If collisions between WTeV photons 
and 0.03eV photons in the lab do produce pairs, since we would in that case have total control on 
the properties of the particles in the in state of the process, then we will have firm pure-kinematics 
bounds on the parameters of certain corresponding Planck scale test theories (such as the PKVO 
test theory). 

These laboratory studies of Planck-scale- modified dispersion relations could of course be adapted 
also to the FTVO test theory, by simply introducing some handles on the polarization of the photons 
that are placed under observation. 



O. On test theories without modified dispersion relations 

Readers for which this review is the first introduction to the world of "quantum-gravity phe- 
nomenology" might be surprised that this long section, announced by an ambitious title on "tests of 
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Poincare symmetry" , really was very much centered on probing the form of the energy-momentum 
dispersion relation. Other aspects of the implications of Poincare symmetry did intervene, such as 
the law of energy-momentum conservation and its deformations (and the form of the interaction 
vertices and their deformations), and are in part probed through the data analyses that I reviewed, 
but the feature that clearly is at center stage is the structure of the dispersion relation. The reason 
for this is rather simple: scientists that recognize themselves as "quantum-gravity phenomenol- 
ogists" will consider a certain data analysis as part of the field if one can robustly establish for 
that analysis the availability of Planck-scale sensitivities, in the sense I described above, and this 
task has been most successfully accomplished (for what concerns Poincare symmetry) in cases that 
involve the form of the dispersion relation. 

Part of this originates from the fact that in order to claim Planck-scale sensitivity one needs 
to rely on some sort of model of the effect. For example, for the type of modifications of the 
dispersion relation that I considered in this section we have at present rather robust evidence of 
their applicability in certain noncommutative pictures of spacetime, where the noncommutativity is 
very clearly introduced at the Planck scale. And several independent (although all semi-heuristic) 
arguments suggest that the same general type of modified dispersion relations should apply to the 
"Minkowski limit" of Loop Quantum Gravity, a framework where a certain type of discretization 
of spacetime structure is introduced genuinely at the Planck scale. Unfortunately, the relevant 
frameworks are so complex that one does not manage to analyze the Poincare-symmetry sector 
beyond building a "case" (and not a waterproof case) for modified dispersion relations. 

Of course a broader range of Poincare symmetry tests could be valuable for quantum-gravity 
research, but without the support of a model (in the sense I just discussed for modified dispersion 
relations) it is very hard to argue that the relevant effects are being probed with sensitivities that 
are significant fr om a Planck-scale perspective. Think for example of a framework, such as the one 
adopted in Ref. jl!5l |. in which the form of the dispersion relation is not modified, one still has 
dispersion relations of the type E 2 = c^p 2 + m 2 *, but with a different value of the velocity scale 
c# for different particles. This is not necessarily a picture beyond the realm of possibilities one 
could consider from a quantum-gravity perspective, but it is basically impossible to estimate what 
accuracy must be achieved in measurements of, say, c pro ton — c e iectron, in order to reach Planck-scale 
sensitivity. Some authors qualify as "Planckian magnitude" of this type of effects the case in which 
the dimensionless parameter has value of the order of the ratio of the mass of the particles involved 
in the process versus the Planck scale (as in c pro ton — electron ~ ijn pro ton ± m e i ectron ) / E p ) but this 
arbitrary criterion clearly does not amount to establishing genuine Planck-scale sensitivity. 

Still it is true that the general structure of the quantum-gravity problem and the structure 
of some of the approaches to the solution of the problem suggest that the Minkowski limit of 
quantum gravity might host a rather wide range of departures from classical Poincare symmetry. 
Correspondingly a broad range of Poincare-symmetry tests can be of interest, and, while not 
necessarily valuable when obtaining negative/ "nothing-new" results (since without a genuine case 
for Planck-scale sensitivity negative results do not translate into intelligible constraints on quantum- 
gravity model building), they could end up providing a decisive hint for the search of quantum 
gravity if they ever do stumble upon robust evidence of some sort of departures from classical 
Poincare symmetry. 

I shall not review here this broader Poincare-tests literature, since it is not specific to the 
quantum-gravity problem (these are tests that could be done and in part were done even before 
the development of research on Poincare symmetries from within the quantum-gravity community) 
and it has already been reviewed very effectively in Ref. [4^ |. Let me just stress that for these 
broad searches of departures from Poincare symmetry one of course needs test theories with many 
parameters. Formalisms that are well suited for a systematic programm e of such searches are 
already at a rather advanced stage of d evelopme nt [l47l . 1 1481 . 1 1491 . 11501 . 1 1 5 if ] , and in particular the 
"standard-model-extension" framework [1471 . 1 148lJ has reached a high level of adoption of preference 
for theorists and experimentalists as the language in which to characterize the results of systematic 
multi-para met er Poincare-test data analyses. The "Standard Model Extension" was originally 
conceived 1471 ] as a generalization of the Standard Model of particle-physics interactions restricted 
to power-counting-renormalizable correction terms, and as such it was of limited interest for the 
bulk of the quantum-gravity community: since "naive quantum gravity" is not a (perturbatively) 
renormalizable theory many quantum-gravity researchers would be unimpressed with Poincare 
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symmetry tests rest ricted to powercounting-renormalizable correction terms. However, over these 
last few years 149l ] most theorists involved in studies of the "Standard Model Extension" have 



started to add correction terms that are not powercounting renormalizable. 21 A good entry point 
for the lit erat ure on limits on the parameters of the "Standard Model Extension" is provided by 
Refs. [HGH. 

From a quantum-gravity-phenomenology perspective it is useful to contemplate the differences 
between alternative strategies for setting up a "completely general" systematic investigat ion o f pos- 
sible violations of Lorentz symmetry. In particular, it has been stressed (see, e.g., Refs. [1501 ]) that 
violations of Lorentz symmetry can be introduced directly at the level of the dynamical equations, 
without assuming (as done in the Standard Model Extension) the availability of a Lagrangian gen- 
erating the dynamical equations. This is of course more gener al th an the Lagrangian approach: for 
example, the generalized Maxwell equation discussed in Ref. [150] predicts effects that go beyond 
the Standard Model Extension. And charge conservation, which automatically co mes o ut from the 
Lagrangian approach, can be violated in models generalizing the field equations jl50l |. The com- 
parison of the Standard-Model-Extension approach and of the approach based on generalizations 
introduced directly at the level of the dynamical equations illustrates how different "philosophies" 
lead to different strategies for setting up a "completely general" systematic investigation of possible 
departures from Lorentz symmetry. By removing the assumption of the availability of a Lagrangian 
the second approach is "more general". Still no "general approach" can be absolutely general: in 
principle one could always consider removing an extra layer of assumptions. Of course, as the topics 
I have reviewed in this section illustrate, from a quantum-gravity-phenomenology perspective it is 
not necessarily appropriate to seek the most general parametrizations. On the contrary we would 
like to single out some particularly promising candidate quantum-gravity effects (as in the case of 
modified dispersion relations) and focus our efforts accordingly. 



IV. OTHER AREAS OF (PLANCK-SCALE-PERTURB ATIVE) QUANTUM GRAVITY 

PHENOMENOLOGY 

Test of Poincare symmetry, and particularly of the form of the dispersion relation, are the 
big giant among quantum-gravity-phenomenology research lines. Probably something of the order 
of the half of the whole quantum-gravity-phenomenology literature concerns Poincare-symmetry 
tests, while the other half is spread over several other quantum-gravity-phenomenology research 
lines. And the perception is even stronger for most physicists working outside quantum-gravity- 
phenomenology: many colleagues essentially identify the concept of quantum-gravity phenomenol- 
ogy and the concept of Poincare-symmetry tests. This of course renders this section on "other 
areas of Quantum Gravity Phenomenology" particularly significant for the overall balance of my 
review effort. 



21 A warning to readers: whereas originally the denomination "Standard Model Extension" was universally used to 
describe a fram ework implementing the restriction to powercounting-renormalizable correction terms, recently (see, 
e.g., Ref. [1491 ]) some theorists describe as "Standard Model Extension" the generalization that includes correction 
terms that are not powercounting renormalizable, while they describe as a "Minimal Standard Model Extension" 
the case with the original restriction to powercounting-renormalizable correction terms. However, some authors 
(especially experimentalists) still rely on the original description of the "Standard Model Extension", and this 
may create some confusion (for example experimentalists reporting results on the "Standard Model Extension" are 
actually, according to the terminology now used by some theorists, describing experimental limits on the "Minimal 
Standard Model Extension". 
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A. Spacetime foam, distance fuzziness and interferometric noise 



1. Spacetime foam as interferometric noise 

As mentioned earlier in this review, Wheeler's "spacetime foam" intuition for spacetime struc- 
ture, while carrying strong conceptual appeal, cannot on its own be of any use for phenomenology, 
since it is not articulated in terms of observable properties. It can however inspire genuine physical 
pictures, and I will discuss two types of test theories that could provide a description of observable 
properties of a "spacetime foam". 

In this subsection I consider spacetime-foam test theories whose structure renders them well 
suited for interferometric tests (1 will discuss a second type of spacetime-foam test theories in 
Subsection IV. E). I proposed [H, [23|] a physical/operative definition of (at least one aspect of) 
spacetime foam that indeed makes direct reference to interferometry. According to this definition 
the fuzziness/foaminess of a spacetime is established on the basis of an analysis of strain noise 22 
in interferometers set up in that spacetime. 

In achieving their remarkable accuracy modern interferometers must deal with several classical- 
physics strain noise sources (e.g., thermal and seismic effects induce fluctuations in the relative 
positions of the test masses). And importantly strain noise sources associated with effects due to 
ordinary quantum mechanics are also significant for modern interferometers (the combined mini- 
mization of photon shot noise and radia tion pressure noise leads to a noise source which originates 
from ordinary quantum mechanics jl52l ]). The operative definition of fuzzy/foamy spacetime which 
I proposed characterizes the corresponding quantum-gravity effects as an additional source of strain 
noise. A theory in which the concept of distance is fundamentally fuzzy in this operative sense would 
be such that the read-out of an interferometer would still be noisy (because of quantum-gravity 
effects) even in the idealized limit in which all classical-physics and ordinary-quantum-mechanics 
noise sources are completely eliminated/subtracted. 



2. A dimensional- analysis estimate for laser-light interferometers 

Before even facing the task of developing test theories for spacetime foaminess in interferometry 
it is best to first check whether there is any chance of using realistic interferometric setups to uncover 
effects as small as expected if introduced at the Planck scale. A first encouraging indication comes 
from identifying the presence of a huge amplifier in modern interferometers: a well-known quality 
of these modern interferometers is their ability to detect gravity waves of amplitude ~ 10~ 18 m 
by careful monitoring of distances of order ~ 10 4 m, and this should provide opportunities for an 
"amplifier" which is of order 10 22 . 

However, the correct way to characterize the sensitivity of an interferometer requires [22l. I23l . [l52l ] 
the analysis of the power spectrum of the strain noise which is left over after all the sophisticated 
noise-reduction techniques have been applied. In modern interferometers such as LIGO and VIRGO 
this strain power-noise spectrum, p(v), is of order 10 -44 H z _1 at observation frequencies v of about 
WOHz, and in turn this (also considering the length of the arms of these modern interferometers) 



implies [221 ] that for a gravity wave with lOOHz frequency the detection threshold is indeed around 
10" 18 m. 

But a realistic fluctuation mechanism of course does not look anything like an ideal wave. An 
ideal wave deposits all its energy in the frequency band of observation that includes its own fre- 
quency of oscillation. Things work differently for other fluctuation mechanisms, and particularly 



Since modern interferometers were planned to look for classical gravity waves (gravity waves are their sought 
"signal"), it is reasonable to denominate as "noise" all test-mass-distance fluctuations that are not due to grav- 
ity waves. I choose to adopt this terminology which reflects the original objectives of modern interferometers, 
even though this terminology is somewhat awkward for the type of studies I am proposing, in which interferom- 
eters would be used for searches of quantum-gravity-induced distance fluctuations (and therefore in these studies 
quantum-gravity-induced distance fluctuations would play the role of "signal"). 
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for discrete fluctuation mechanisms. This is why the sensitivity of an interfero mete r is best char- 
acterized in terms of the strain power-noise spectrum, which can be easily used 1 52f ] to deduce the 
level of sensitivity of the interferometer to fluctuations of any form. 

So in this context the key task for the quantum-gravity phenomenologist is the estimate of 
the contribution to the strain-noise power spectrum p{u) which could come from quantum-gravity 
effects. If at some point experimentalists will manage to bring the noise level below the quantum- 
gravity prediction the relevant quantum-gravity test theory will be ruled out. 

Is there any hope for a quantum-gravity theory to predict noise at a level comparable to the 
ones that are within the reach of modern interferometry? Well, this is the type of question that one 
can only properly address in the context of quantum-gravity models, or at least quantum-gravity 
test theories, but it may be valuable to first use dimensional analysis, assuming the most optimistic 
behaviour of the quantum-gravity effects, and check if the relevant order of magnitude is at all 
providing any encouragement for the painful (if at all doable) analysis of quantum-gravity models. 

To get what is likely to be the most optimistic (and certainly the simplest, but not necessarily the 
most realistic) Planck-scale estimate of the effect let us assume that quantum-gravity noise is "white 
noise", p{y) = po (frequency independent), so that it is fully specified by a single dimensionful 
number setting the level of this white noise. And since the strain-noise power spectrum carries 
units of Hz -1 one easily finds [22|] an impressively simple estimate in terms of the Planck length 



and the speed-of-light scale: po ~ L p /c, which, since L p /c ~ 10 44 Hz 1 , encouragingly happens 
to be just at the mentioned level of sensitivity of LIGO-VIRGO-type interferometers. 



3. A simple-minded mechanism for noise in laser-light interferometers 

Assuming for simplicity that the quantum-gravity noise be white and adopting a naive 
dimensional-analysis estimate of what could constitute a Planck-scale level of such white noise 
one finds indeed a very encouraging result. But of course this in itself does not guarantee that 
our modern interferometers truly are sensitive to noise sources introduced genuinely at the Planck 
scale. In order to argue for "Planck-scale sensitivity" one would like to analyze an interferometer 
in the framework of a good quantum-gravity theory (but this is beyond our capabilities at present), 
or at least provide some semi-heuristic picture (the basis for a test theory) with effects introduced 
genuinely at the Planck scale that turn out to produce strain noise at the level accessible with 
modern interferometers. 

Having in mind this objective let us take as starting point for a first naive picture of spacetime 
fuzziness the popular arguments suggesting that the Planck scale should also set some absolute 
limitation on the measurability of distances. And let us (optimistically) assume that this translates 
in the fact that any experiment in which a distance L plays a key role (meaning that one is either 
measuring L itself or the observable quantity under study depends strongly on L) is affected by a 
mean square deviation a\. 

It turns out to be useful [H, [23|] to consider this a\ as a possible step stone toward the strain- 
noise power-spectrum estimate. And it is in particular rather striking that by assuming that the 
distances L between the test masses of an interferometer be affected by Planck-length fluctuations 
of random- walk type occurring at a rate of one per Planck time (~ 10 -44 s), and therefore [22l. 1231] 
estimating a\ ~= L P T (where T is the time scale over which the experiment monitors the distance 
L), one finds [22, 23] a Planck-scale-induced strain noise with power spectrum given by 23 p{u) ~ 
L v L~ 2 v~ 2 . Substituting values that are characteristic of some modern interferometers, i.e. v ~ 
100Hz and L ~ 10 4 m this corresponds to strain noise at the level ~ 10 _38 ife _1 , which is well 
within the reach of the mentioned sensitivity levels of LIGO-VIRGO-type interferometers 24 . 



Details of this derivation are given in Refs. [53 . [23I ]. It is however well known that random- walk fluctuations 
generate a oc T and that correspondingly the power spectrum of the fluctuations goes like v~ . 
Since according to this estimate quantum-gravity-induced noise becomes increasingly significant as the charac- 
teristic frequency of observation is lo wered, an appealing alternative to LIGO-VIRGO-type interferometers is 
provided by cryogenic resonators |l53l |. a type of rigid optical interferometers, which have good sensitivities down 
to frequencies of about W~ 6 Hz. 
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It is perhaps worth mentioning here that the estimate a\ ~ L p T can be motivated even with- 
out relying on the random-walk picture I just described, but rather relying on some corresponding 
semi- heuristic arguments [23|, 51] on the type of decoherence effects that spacetime foam might 
induce. And other strategies for a semi-heuristic description decoherence effects caused by space- 
time foaminess, such as the one adopted in Ref. and the one adopted in parts of Ref. [23], 
actually lead to the different estimate a\ ~= (L^T) 1 / 3 , and interestingly this would then lead to 

attributing to the Planck-scale-induced strain noise behaviour of the type z^~ 5 / 3 with amplitude at 
a level that would place it just beyond the reach of interferometers we are presently operating but 
within the reach of already planned interferometers. 



4- Insight already gained and ways to go beyond it 

At the present time the "state of the art" of descriptions of Planck-scale-induced strain noise 
does not go much beyond the simple-minded estimates I just described. And accordingly the 
assessment of Planck-scale sensitivity for these interferometric studies should still be subject to 
further scrutiny. In order to develop some intuition for what we should look for in devising more 
advanced test theories it is probably useful to look in particular at the random-walk picture which I 
just discussed. That picture clearly describes a Planck-scale fluctuations mechanism: the distance 
between the mirrors fluctuates indeed by Planck-length amounts at a rate which is fixed by the 
Planck time. So the fact that the random-walk picture leads to an effect which is within the 
sensitivity of modern interferometers shows that we can have sensitivity to fluctuation mechanisms 
of genuine Planckian nature. However, while it is true that the effects are introduced genuinely 
with Planck-scale magnitude my random-walk picture attributes these fluctuations coherently on 
macroscopic scales (the width of the beam, the distance between the mirrors, and the size of the 
mirrors are key macroscopic scales of the context). A more reliable characterization of a "genuine 
Planck-scale sensitivity" should be based on a picture that provides a comprehensive description 
of the effects in terms of the Planck scale. And it is not difficult to devise Planck-scale fluctuation 
mechanisms introduced microscop icall y that might lead to a much softer effect. As an example of 
this possibility I discussed in Ref. 1541 ] a description in which the overall quantum-gravity-induced 



interferometric noise was obtained as the net result of quantum-gravity-induced noise in the paths 
of each of the iV 7 individual photons of the laser beam used in the interferometer. If a random 
Planck-length fluctuation per Planck-time would affect the path of each photon of the beam one 
would still end up with an effective a\ cx T, but with respect to the case of coherent fluctuation of 
the distance L the magnitude of a\ would be penalized jl54l ] by an overall factor of order l/-^/iV 7 , 
and correspondingly the result concerning the sensitivity of modern interferometers would go from 
being a few orders of magnitude better than Planck-scale sensitivity (which we found in the case of 
coherent Planck-length fluctuations of L) to being, perhaps interestingly, a few orders of magnitude 
short of Planck-scale sensitivity. 

Clearly the case for genuine Planck-scale sensitivity for these interferometric studies must be 
strengthened, but, in spite of the limitations I discussed, our present simple-minded estimates 
already clearly provide strong encouragement and allowed us to expose the inadequacy of certain 
folkloristic notions concerning the use of interferometry for Planck-scale physics. I should stress 
in particular that when these pictures were first proposed it was seen by many as a total surprise 
that one could contemplate Planck-scale effects at frequencies of observation of only 100Hz. The 
naive argument goes something like "Planck-scale noise at Planck frequency", and the Planck 
frequency is E p /h ~ 10 43 Hz. However in analyzing actual pictures of spacetime fluctuations (even 
the simple-minded ones described above) one learns that all discrete fluctuations mechanisms tend 
to affect most significantly the infrared (behaviours of the type z^~' a '). This is after all why the 
simple random-walk picture I described above gave rise to such (relatively) large noise at WOHz. 
That same random- walk noise would become quickly unobservably small at higher frequencies. 
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5. Distance fuzzyness for atom interferometers 



Since the phenomenology of the implications of spacetime foam for interferometry is at such 
an early stage of development, at the present time it may be premature to enter into detailed 
discussions of what type of interferometry might be best suited to uncover Planck-scale effects. 
Accordingly the analysis I articulated in this Subsection IV.A focused by default on the simplest 
case of interferometric studies, the one using a laser-light beam. However, in recent times atom 
interferometry has reached equally astonishing levels of sensitivity and for several interferometric 
measurements it is presently the best choice. Laser-light interferometry is still preferred for certain 
well-established techniques of interferometric studies of spacetime observables, as in the case of 
searches of gravity waves, and the observations I reported above for the phenomenology of strain 
noise induced by Planck-scale effects appear to be closely linked to the issues encountered in the 
search of gravity waves. It seems plausible that soon there will be some atom-interferometry setups 
that are competitive for gravity-wave searches, and these should then also be valuable for what 
concerns searches of quantum-gravity-induced strain noise atom interferometry might represent a 
viable alternative to laser-light interferometry. 

It appears to be likely that different test theories might give different indications in this respect, 
so that in order to most effectively constrain the parameters of some test theories atom interfer- 
ometry might be preferable whereas for other test theories laser-light interferometry might provide 
the best limits. Of course a key aspect of the description of Planck-scale effects for atom inter- 
ferometry to be addressed by the test theories (and hopefully, some day, by some fully-developed 
quantum-gravity theories) is the role played by the mass of the atoms. With respect to laser- light 
interferometry the case of atom interferometry challenges us with at least one more variable to be 
controlled at the theory level, which is indeed the mass of the atoms. And there are more features 
to be optimized in atom interferometry, particularly because the velocity of the particles in the 
beam is not a priori fixed. 



B. Implications of distance fuzziness for waves propagating over large distances 

As I stressed earlier in this review, it is important to establish firmly that besides observa- 
tions in astrophysics and cosmology also some laboratory experiments can achieve Planck-scale 
sensitivity for certain conjectured quantum-gravity effects. In Subsection III.N I already provided 
some examples of such laboratory tests (in that case relevant for the possibility of Planck-scale 
departures from Poincare symmetry) and the previous Subsection IV.A described laboratory tests 
of Planck-scale "distance fuzziness" , of the type that could be induced by a spacetime foam. 

In this subsection I go back to the astrophysics arena, indeed, besides laboratory interferometric 
tests it is natural to consider the possibility to explore distance fuzziness using observations in 
astrophysics, especially when the object of these observations are waves that have propagated over 
very large distances, thereby possibly accumulating a significant collective effect of the fuzziness 
encountered along the way to our detectors. 



1. Time spreading of signals 

The first implication of distance fuzziness that one should naturally consider for waves prop- 
agating over large distances is the possibility of "time spreading" of the signal: if at the source 
the signal only lasted a certain very short time but the photons that compose the signal travel a 
large distance L, affected by uncertainty a\, before reaching our detectors the observed spread of 
times of arrival might carry little trace of the original time spread at the source and be instead a 
manifestation of the quantum-gravity- induced gl- If the distance L is affected by an in-principle 
("quantum") uncertainty then different photons composing the signal will effectively travel dis- 
tances that are not all exactly given by L but actually differ from L and from each other up to an 
amount gl- 
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The difficulties we presently have in making any sort of robust estimate of ctl were already 
stressed in the previous subsection. But in the same spirit in which it was considered in the 
previous subsection one can hope to gain some insight by considering the ansatz cr 2 ~ L p L (or 
equivalently <r 2 ~ L p T if one prefers to explicitate the dependence on the distance travelled as a 
dependence on the time duration of the journey). 

A good benchmark to start exploring what levels of sensitivity to this type of effect are achievable 
in astrophysics is provided once again by gamma-ray bursts, which as mentioned often travel for 
times of the order of 10 17 s before reaching our Earth detectors and are sometimes characterized 
by time structures (microbursts within the burst) that have duration as short as 10 _4 s. Values 
of o"| as small as a\ ~ c 2 10 _8 s 2 could be noticeable in the analysis of such bursts, but the 
estimate a\ ~ cL p T only provides a\ ~ c 2 10 _27 s 2 and falls therefore much to short, 19 orders 
of magnitude short, of the sought "Planck-scale sensitivity". While it may perhaps be possible 
to identify some other type of observations that do slightly better than gamma-ray bursts in this 
respect, it seems highly unlikely that in the foreseeable future we would manage to overcome 
the 19 orders of magnitude, and indeed there is no trace in the quantum-gravity-phenomenology 
literature of realistic opportunities to study distance-fuzziness-induced time spreading with Planck- 
scale sensitivity. 



2. Disappearance of interferometric fringes 



A more realistic opportunity for achieving Planck-scale sensitivity in studies of the implications 
of foam-induced distance fuzziness for waves propagating over large distances is provided by the 
observation of extragalactic sources, such as distant quasars, for which one manages to observe 
interference fringes. In Refs. pH, EHft it was argued that, given a wave description of the light 
observed from the source, spacetime fuzziness should introduce an uncertainty in the waves phase 
that cumulates as the wave travels, and for sufficiently long propagation times this effect should 
scramble the wave front enough to prevent the observation of i nterferometric fringes. This strategy 
is still at a rather early stage of development and no consensus [III, [III, [113] has emerged on what 
is the correct way to describe the cumulation of the effect of the wave's phase. The preliminary 
analyses conducted so far however appear to convincingly argue that, in spite of the smallness of 
these Planck-scale effects, thanks to the amplification provided by the long propagation times the 
needed sensitivity might soon be within our reach. 



C. Planck-scale modifications of CPT symmetry and neutral-meson studies 

By testing distance fussiness and spacetime symmetries one looks rather directly at what is 
perhaps the most striking and fundamental expected (conjectured) characteristic of the quantum- 
gravity realm, which is the presence of nonclassical ("quantum") features in spacetime structure. 
This subsection focuses on the phenomenology of another much discusses possibility for quantum 
gravity, the one of departures from CPT symmetry, which however lies at a much deeper level of the 
theory. In addition to spacetime structure (at least in as much as "P" and "T" transformations are 
linked to spacetime structure) CPT transformations know quite a bit of the way in which particles 
are introduced in that spacetime and their charge assignments. The limitations I discussed earlier 
for the phenomenology of distance fussiness and spacetime symmetries that result from our limited 
understanding of relevant theoretical frameworks are of course typically even more severe for the 
phenomenology of CPT symmetry, indeed because a proper description of CPT transformations 
requires an understanding of the relevant theory framework that goes even beyond spacetime 
structure. Nonetheless CPT tests are one of the most traditional topics for quantum-gravity 
phenomenology and have provided valuable results. 
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1. Momentum-independent broken-CPT effects 



The most studied o ppo rtunity to test CPT symmetry is provided by the neutral-kaon and the 



neutral-B systems [111 . Il5| . It turns out that in these neutral-meson systems there are plenty of 



opportunities for Planck-scale departures from CPT symmetry to be amplified. In particular, the 
neutral-kaon system hosts the peculiarly small mass difference between long-lived and the short- 
lived kaons \Ml — Ms\/Ml^ ~ 7T0~ 15 and other small numbers naturally show up in the analysis 
of the system, such as the ratio \Tl — Ts\/Ml ! s ~ 1.4 • 10 -14 . And for certain types of Planck- 
scale departures from CPT symmetry the inverse of one of these small numbers amplifies the small 
(Planck-scale- induced) CPT- violation effect. This in particular occurs in the most studied scenario 
for Planck-scale violations of CPT symmetry in the neutral-kaon system, in which the Planck-scale 
effects induce a difference between the terms on the diagonal of the K°,K° mass matrix (exact 
classical CPT symmetry would of course require the terms on the diagonal to be identical). 

For the mentioned difficulties in examining the status of CPT symmetry in quantum-gravity 
theories, it is not easy to properly establish whether or not genuine Planck-scale sensitivities are 
within the reach of these neutral-kaon studies. And, while argume nts s uggesting that CPT violation 
might arise i n th e quantum-grav ity realm have a long tradition 158| (but also see, e.g., the more 
recent Refs. [1591. Il60l . Il6ll . Il62l ]). in the relevant literature, to my knowledge, one does not even 
find some simple-minded toy models that could at least do the task of showing what level of CPT 
violation could be induced by effects introduced genuinely at the Planck scale. 

An indication that Planck-scale sensitivity might indeed be within our reach comes from 
dimensional-analysis arguments. For example, the terms on the diagonal of the neutral-kaon mass 
matrix have of course dimensions of a mass and it is legitimate to conjecture that Planck-scale 
corrections to those mass terms should be of the order of Ml s /E p ~ 10~ 19 ey, and corrections 
of this order to the terms on the diagonal of the neutral-kaon mass matrix are indeed within our 
present experimental reach [l8| (and these are controlled laboratory tests!). As stressed already 
earlier in this review "dimensional-analysis Planck-scale sensitivity" does not guarantee that we 
are probing the relevant effect in ways that could be relevant for the quantum-gravity problem, but 
it indicates that genuine Planck-scale sensitivity might be achievable. (If the dimensional analysis 
gives instead negative results there is then very little hope that more refined analyses would expose 
Planck-scale sensitivity.) 

Concerning the development of test theories for the study of possible violations of CPT sym- 
metry readers will find in the literature several proposals (see, e.g., Refs. [Tl, TH, 15, 13]). The test 
theory whose development has been more closely linked to a certain intuition for the quantum- 
gravity problem is the one in Ref . [12] , and limits on its parameters have indeed been derived using 
neutral-kaon data [HI] . This is a test theory that hosts both departures from CPT symmetry and 
decoherence, and I find most effective to discuss it in the later part of this section which is devoted 
to decoherence studies. 



2. Momentum-dependent broken-CPT effects 

As mentioned the main focus of tests of CPT symmetry (at least from a quantum-gravity 
perspective) is on the terms on the diagonal of the K°,K° mass matrix, and looks for corrections 
to these diagonal terms that are constant, do not depend on the momentum of the particles. It is 
however rather natural to contemplate quantum-gravity pictures with richer scenarios of violation 
of CPT symmetry, and in light of the structure of this review (with so much devoted to the 
study of modified dispersion relati on) i t is convenient to illustrate this possibility using a heuristic 
argument, first presented in Ref. [163], based on modifications of the dispersion relation of the 
form m 2 ~ E 2 — p 2 + XEp 2 /2, with A of the order of the Planck length. It may be relevant for the 
relation between particles and antiparticles (for which CPT symmetry is a crucial player) that for 
the values of E allowed by the dispersion relation for given |p| one does not recover the ordinary 
result (with its traditional two solutions of equal magnitude and opposite sign); instead, one finds 
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that the two solutions E + , E_ are given by 



E± ~ --f ± \lm 2 +P 2 . (25) 

The fact that the solutions E + and E- are not exactly opposite may suggest that one should make 
room for a mismatch SM of the terms on the diagonal of the K°,K° mass matrix, of order 

, E + ~ E - f M , , 

\SM\ ~ — —2M ~ Ac ; F = . (26 

+ y/c*M 2 + c 2 p> 

The most significant feature of this description of 5M is its momentum dependence, and, for given 
|A|, \SM\ is an increasing function of quadratic in the non-relativistic limit and linear in the 
ultra-relativistic limit. Therefore among experiments achieving comparable SM sensitivity the ones 
studying more energetic kaons are going to lead to more stringent bounds on A. 

Considering that, as mentioned, neutral-kaon experiments at factories are now sensitive at 
the level SM ~ 10~ 18 Gey, one infers a sensitivity to this type of candidate quantum gravity effect 
that, for kaons of momenta of about HOMeV (at the eft resonance), corresponds to sensitivity to 
values of |A| around 10 -32 m, i.e. not far (just 3 orders of magnitude away) from the Planck scale. 

While for momentum-independent CPT- violation effects measurements conducted at $ factories 
are always much more sensitive than corresponding studies using neutral B mesons, in this case 
with momentum dependence, considering that current neutral-B studies involve B mesons with 
momenta that are much higher than the typical momenta of kaons at <3? factories, one ends up 
concluding that the limits obtainable with neutral B mesons are of the order of t he o nes obtainable 



at <3? factories. Indeed with realistic neutral-B studies one can easily achieve [1631 ] sensitivity to 
|A| ~ 10 -31 m, once again only a few orders of magnitude away from the Planck scale. 

The best choice however are exper imen ts with high-momentum kaons of the type of Fermilab's 
E731, involving kaons with momenta 1641 ] of about 150GeV and achieving 163l | sensitivity at the 



level |A| ~ 10~ 35 m (i.e. A of the order of the Planck length). 

In light of this observation concerning E731-type laboratory experiments one can conclude that 
we are very close to establishing genuine Planck-scale sensitivity for what concerns momentum- 
dependent violations of CPT symmetry. Indeed the Planck-scale input for this analysis is a dis- 
persion relation of a type that in several studies has been shown to emerge from features (such 
as spacetime noncommutativity) introduced genuinely at the Planck scale. However, this claim of 
"genuine Planck-scale sensitivity" must be further investigated, especially in light of the fact that, 
besides the genuinely Planckian modification of the dispersion relation, the reasoning that leads to 
the proposed signature of momentum-dependent violation of CPT symmetry depended crucially 
of some heuristic steps (such as the step taking us from Eq. (f25|) to Eq. (f26jl ). It would therefore 
be inappropriate to state that a \SM\ of the type described in Eq. (|26p can definitely be obtained 
by introducing some corresponding structures at the Planck scale. 



3. CPT violation and multiparticle states 



It was recently observed (primarily in Refs. 165l . Il66l |) that quantum-gravity scenarios with 



violations of CPT symmetry might also require some corresponding modifications of the recipe 
for obtaining multiparticle states from singleparticle states for identical particles. This may in 
particular apply to the neutral-kaon Kq — Kq system, since standard CPT transformations take 
Kq into Kq but violations of CPT symmetry are likely to also induce a modification of the link 
between Kq and K g. 

Refs. [165 . 166[ | proposed a phenomenology inspired by this argument and based on the following 



parametrization of the state \i > initially produced by a 0-meson decay: 
\i >oc {(\K s (p),K L (-p) > -\K L (p),K s (-p) >)+uj(\Ks(p),Ks(-p) > -\K L (p), K L {-p) >)\27) 
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where the complex parameter u essentially characterizes the level of contamination of the state 
\i > by the (otherwise unexpected) C-even component \Ks(p), Ks{— p) > — \K~l(p),Kl(—p) >. 

Stringent constraints on u can be placed by performing measurements of the chain of processes 
<j) — > KK — > XY, in which first the 4> meson decays into a pair of neutral kaons and then one of 
the kaons decays at time t\ into a final state X while the other kaon decays at time £2 into a final 
state Y. By following this strategy the KLOE experiment at DA<E>NE is setting jl67l | experimental 
limits on u> at the level 1CT 3 (Re(u>) < 1CT 3 , Im(uj) < 10~ 3 ). 

It is not easy at present to establish robustly what level of sensitivity to lo could really amount to 
Planck-scale sensitivity, but it is noteworthy that there are some s emi-quantitati ve/semi-heuristic 
estimates based on a certain intuition for spacetime foam suggesting [I65l . ll66l . 1 1681 ] that sensitivities 
in the neighborhood of u> ~ 1CP 3 , uj ~ 1CP 4 could already be significant. 



4- Elements of a test theory with deformed CPT symmetry 

So far in this subsection on CPT tests I have assumed that CPT symmetry is broken by 
Planck-scale effects. As first stressed in Ref. [60], it might be proper to consider the possibility of 
"deformed CPT symmetry", meaning that classical CPT transformations would no longer be an 
exact symmetry at the Planck scale, but a Planck-scale-deformed version of those transformations 
would be an exact symmetry. This for example appears to be a viable possibility for theories 
formulated in the mentioned /{-Minkowski noncommutative spacetime, where (as far as understood 
at present) the only obstacle for classical CPT symmetry appears to be the peculiarity of P-parity 
transformations. It appears that in K-Minkowski P-parity transformations for momenta should 
not take a momentum p into —p, but rather p — ► —p, where — p denotes the so-called antipode 
operation: — p = —pe~ Xpo (where A is the K-Minkowski noncommutativity length scale). This 
might invite one to consider CPT transformations, denoting with P a P-parity transformation 
such that indeed p — ► —p. 

This scenario (and other possible deformed-CPT scenarios) may represent an appealing alter- 
native to the broken-CPT scenarios, in the same sense that Doubly-Special-Relativity scenarios 
could be, according to the intuition of some authors, preferable to broken-Poincare scenarios: in 
both cases quantum-gravity arguments are suggesting that a well-tested symmetry should not be 
an exact symmetry of the Planck-scale realm, but since these symmetries are so well tested it might 
be appropriate to modify them as softly as possible (indeed choosing the soft option of deformation, 
rather than a virulent symmetry-breakdown mechanism). 

As mentioned above the development of DSR theories and test theories is still at a very rudi- 
mentary stage, and for what concerns deformed CPT symmetry the present situation is even less 
advanced. So at present we are not in a position to even just set up a tentative deformed-CPT 
phenomenology programme (in the sense accomplished by toy DSR test theories for the DSR possi- 
bility). Still, just to provide an indication of the novelty at the conceptual level that deformed CPT 
might entail, let me here briefly summarize the elem ents of a deformed-CPT test theory, which 
were tentatively sket ched out in the recent Ref. jl69l |. That proposal is indeed (though perhaps 
only loosely inspired [l69l |) by work on K-Minkowski noncommutative spacetime; in fact .its start- 
ing point, which mainly originated from some observations previously reported in Refs. jl70l . 1X7 J ] . 
is the assumption that the noncommutativity properties of single-particle states |\l/r > of given 

fourmomentum k u (IPq, PH^r >= {(j + (fc), fc}| v I / ^ >) would be in agreement with the ones of the 
much studied 6(3, 123, E3, Il72l . Il73l . Il74l | time-ordered plane waves on K-Minkowski space-time 



> «-► e «-2 e -<w + (fc)*o (28) 



in which x and xq are subject to the K-Minkowski commutation relations 1721 173| for spacetime 



coordinates [xj, xq] = iXxj, [xk,xj] = and io + (k) represents the (real) positive root of the equation 

= -m 2 + (2/A) 2 sinh 2 (Aw/2) - P exp(Au;) , (29) 
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which is the most commonly adopted candidate 7^, 13, 172l . 173t | for the K-Minkowski "on-shell 
condition" . 

The other structure for which Ref. [1691 ] is (however loosely) inspired by the K-Minkowski liter- 
ature is a candidate for the total momentum of a two-particle state: 



{K tot ,K t ot } = {k + qe 



(k)+uj + {q)} = {k+q, uj + {k)+uj + {q)} 



(30) 



wh ere +. such tha t k+q = k + qe is a nonabelian addition rule that one can derive [& 



l80l . Il7dl . 171 . 174 ] from the structure of the K-Minkowski commutation relations for spacetime 



coordin ates and the form of the time-ordered plane waves on K-Minkowski space-time. 
Ref. 

argues that these structures would affect very significantly the description of multipar- 
ticle states. In particular, the natural candidate for the state that describes two indistinguishable 
particles whose individual fourmomenta are known turns out [l69l ] not to be an eigenstate of total 
energy-momentum. And similarly the s tate that describes two indistinguishable particles whose 
total fourmomentum is known turns out [169] to be a very peculiar superposition of states in which 
the individual fourmomenta are determined. Essentially one ends up 169t ] with a sort of new un- 
certainty principle: there is an incompatibility between measurements of total energy-momentum 
and measurements of the individual energy-momenta of particles. Sharp measurements of total 
energy-momentum introduce an irreducible uncertainty in the individual energy-momenta, and 
sharp measurements of individual energy-momenta introduce an irreducible uncertainty in the 
total energy-momentum. 

These peculiarities discussed in Ref. 169l ] for the case of identical particles may well be structural 
to the tensor product of Hilbert spaces, so related (though possibly different) peculiarities may arise 
also for distinguishable particles. 

It is still not established how one should best te st th e peculiar type of energy-momentum- 
measurement uncertaint y pr inciple motivated in Ref. [1691 ]. and in general the elements of a test 
theory provided in Ref. 169l] are insufficient for se tting up a dedicated phenomenology. One could 



find however that the analysis reported in Ref. 169] provides further motivation for studies of 



two particle systems of known total momentum, looking for a possible "contamination" by an 
unexpected state, which one could schematically describe according to the formula [1691 ] 



I* 



(2) 

{K tot } 



> 



|A > 



conventional 



(31) 



The contaminating state |A > would be a key characteristic of the deformed-CPT scenario, 
and in principle it can be computed constructively /deductively within quantum- field-theory in 
K-Minkowski spacetime, although in practice such a derivation might not come for a very long time 
as a result of the many technical hurdles that we would need to overcome. This however illustrates 
the type of strategy that could be followed to establish more robustly the criteria for ''Planck- 
scale sensitivity" for the parameter u> which, as discussed above, was used in Refs. |l65l . Il66f|) to 



characteri ze a possi ble manifestation of CPT violation for multiparticle states. Both Ref. [169] 
and Refs. Il65l . Il66t ] set up the description of "Planck-scale multiparticle states" as the sum of a 



stan dard term and a Planck scale correction, the Planck-scale correction ta king the f orm |A > for 
Ref. [HI] and the form lo (\K s (p),K s (-p) > -\K L (p), K L (-p) >) for Refs. [163, (Hi Eventually, 
as our understanding of theories in K-Minkowski spacetime progresses, it should become possible 
to rigorously derive | A > , and that result would describe an anomaly for multiparticle states which 
originates genuinely from effects introduced at the Planck scale (if for the noncommutative length 
scale A one takes the Planck length). It would be striking if it turned out (a possibility that 
can neither be excluded nor suggested at our present level of understanding of K-Minkowski) that 
| A >~ uj(\Ks(p), Ks(—p) > —\Kl(p),Kl(—p) >) for some appropriate choice of a;, in which case 
one would have a definite scenario for how u> depends on the spacetime noncommutativity scale A. 
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D. Decoherence studies with kaons and atoms 



1. Spacetime foam as decoherence effects and the "a, (3, 7 test theory" 

As stressed earlier in this review the idea of "spacetime foam" appears to appeal to everyone 
involved in quantum-gravity research, but this is in part due to the fact that this idea is not really 
well defined, not by the qualitative intuitive picture proposed by Wheeler. Of course, in order to 
set up a phenomenology for effects induced by this spacetime foam it is instead necessary to provide 
for it physical/experimentally-meaningful characterization. I already discussed one possible such 
characterization, given in terms of distance fuzziness and associated strain noise for interferometry. 
Another attempt to characterize physically spacetime foam can be found in Refs. [HI, [MI] ( a l so see 
the alternative perspective adopted in Ref. [13]), focusing on the possibility that the rich dynamical 
properties of spacetime foam might act as a decoherence- inducing environment. 

The main focus of Refs. [12, EH has been the neutral-kaon system, whose remarkably delicate 
balance of scales provides opportunities not only for very sensitive tests of CPT symmetry but also 
for very sensitive tests of decoherence. Refs. 12,[6l[ essentially propose a test theory for quantum- 



gravity-induced decoherence in the (non-relativistic) neutral-kaon system that adopts the formalism 
of density matrices and is centered on the following evolution equation for the neutral-kaon reduced 
density matrix p: 

d tP = i[p,H]+5Hp (32) 

where H is an ordinary-quantum- mechanics Hamiltonian and 5H mn (with indices m, n running 
from 1 to 4: {m,n} £ {1,2,3,4}) is the spacetime-foam-induced decoherence matrix, taken to 
be such that 5H\ n = 5H2 n = SHnl = SHra = 0> while = 18/43 = — 2/3, = —2a, and 

ffi^44 = —27. Therefore the test theory is fully specified upon fixing H and giving some definite 
values to the parameters ot,/3, 7. 

It should be stressed that this test theory necessarily violates CPT symmetry whenever 5H 7^ 0. 
Additional CPT violating features may be introduced in the ordinary-quantum-mechanics Hamil- 
tonian H, by allowing for differences in masses and/or differences in widths between particles and 
antiparticles. Therefore this test theory is an example of framework that could be used in a phe- 
nomenology looking simultaneously both for departures from CPT symmetry of types admissible 
within ordinary quantum mechanics ad for departures from CPT symmetry that require going be- 
yond quantum mechanics (by allowing for decoherence). And it is noteworthy that the two types 
of CPT violation (within and beyond quantum mechanics) can be distinguished experimentally. 

For what concerns more directly decoherence various characterizations of the effects of this 
test theory have been provided, and in particular a valuable description of how significant the 
decoherence effects are (depending on the values given to a, /3, 7) is found looking at how the rate 
of kaon decay into a pair of pions, itW; evolves as a function of time. This time evolution will in 
general take the form 

Rtotf) = Cse~ Tst + C L e~ TLt + 2de~ {T L+Ts)t/2 cos[{m L - m s )t - 0] , (33) 

where the indices S, L, I stand respectively for short-lived, long-lived, interference, and the com- 
bination Q = 1 — Ci I CsCjj provid es a good phenomenological characterization of the amount of 
decoherence induced in the system [l68l |. 

Using data gathered by the CPLEAR experiment [HI one can set bounds on a, [3, 7 at the levels 
a ~ 10 _1 GeV, (3 ~ 10~ 19 GeV , and 7 ~ 10~ 21 GeV . A comparable li mit on 7 has been placed by 
DA<&NE's KLOE experiment, and in that case the analysis was based [1671 . \16§!\ on entangled kaon 
states. 

This is another instance where it is not easy to establish what level of sensitivity could amount 



to Planck-scale sensitivity. The test theory developed in Refs. [12j, [6l| is inspired by a Planck- scale 
picture, a variant of the String Theory approach often labelled "Liouville String Theory" [6l|, Il75l | 
since most followers perceive as its most appealing characteristic the one of keeping the Liouville 
field in the picture (rather than excluding it by appropriate choice of the number of target-space 
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dimensions and associated anomaly cancellation) and attributing to it (to its world-sheet zero 
mode) the role of target-space time coordinate. However, it is not easy to perform rigorously 
deductive derivations within the ambitious Liouville String Theory framework, and as a result 
(while some Liouville-String-Theory analyses do provide some "theory evidence" of the structures 
needed for the a,/3, 7 test theory) one is unable to express the parameters a, (3, 7 in terms of the 
fundamental scales of the framework (such as the strin g/Pl anck length). It is still noteworthy that 



the limits established with CPLEAR [18| and KLOE 1671 ] are at a level that could plausibly be 
relevant from a Planck-scale perspective, since those limits are in the neighborhood of W~ 19 GeV , 
and using the kaon mass and the Planck scale one can easily obtain m 2 K /E p ~ \0~ 19 GeV (but of 
course one can equally easily obtain the less optimistic m^/Ep ~ 10~ 3S GeV). 



2. Other descriptions of foam-induced decoherence for matter interferometry 

Another attempt to characterize spacetime foam as a decoherence-inducing medium was de- 
veloped by Percival and collaborators (see, e.g., Refs. fl3l. fl4T|). Also this approach assumes that 
ordinary quantum systems should all be treated as open systems because of neglecting the de- 
grees of freedom of the spacetime foam, but rather than a formalization using density matrices 
Refs. [HI, 03] adopt a formalism in which an open quantum system is represented by a pure state 
diffusing in Hilbert space. The dynamics of such states is formulated in terms of "Primary state 
diffusion", an alternative to quantum theory with only one free parameter, a time scale To which 
one can set to be the planck time L p /c. 

One way to charaterize Vn is through a formula for the proper time interval for a timelike 
segment, which is given by [14| 

A S ^|A£(x)| 2 + A£(x)^, (34) 

where A£(x) are point-dependent fluctuations induced by the foaminess of spacetime which are 
modelled within the proposed theory. 

A key characteristic of this picture would be [HI] a suppression of the interference pattern 
for interferometers using beams of massive particles (and such that of course an original beam 
is first split and then reunited to seek an interference pattern). And the suppression increases 
with the mass of the particles, so it could be more easily tested with atom interferometers (rather 
neutron interferometers). Unfortunately a realistic analysis of an interferometer in the relevant 
primary-state-diffusion formalism is much beyond the level of answers one is (at least presently) 



able to extract from the primary-state-diffusion setup. Ref. 14| considered resorting to some 
simple-minded simplifications, including the assumption that the Hamiltonian be given by the 
mass together with projectors onto the wave packets in the arms of the interferometer, neglecting 
the kinetic-energy terms. Within such simplifications one does find that values of To at or even a 
few orders of magnitude below the Planck time would leave an observably large trace in modern 
atom interferometers. These simplifications however amount to a model of the interferometer which 
is much too crude (as acknowledged by the authors themselves [14|) and this does not allow us 
to explore meaningfully the possibility of genuine Planck-scale sensitivities being achieved by this 
strategy. One should already notice that by taking tq as the Planck time it is not obvious that 
the effects are being introduced genuinely at the Planck scale, since the nature of the effects is 
characterized not only by tq but also by other aspects of the framework, such as the description 
of the fluctuations. Moreover, even if all other aspects of the picture were understood, indeed the 
crudity of the model used for matter interferometers would still not allow us to investigate the 
Planck-scale-sens itivit y issue. 

Recently Ref. [176] presented a somewhat different picture of quantum-gravity-induced decoher- 
ence for atom interferometers. Several aspects of the Percival setup are maintained but a different 
intuition is applied in some aspects of the analysis, particul arly for what concerns the description 
of the "quantum fluctuations" of the metric, for which Ref. jl76t ] remo ves p art of the assumptions 
adopted by Percival and collaborators. For this recent proposal of Ref. jl76l ] one is still (for reasons 
analogous to the ones I just discussed for the Percival approach) unable to meaningfully explore the 
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issue of "genuine Planck-scale sensitivity" , but it may represent a step in the direction of a more 
articulated description of spacetime foam (if intended as nuctuations of the metric) and it proposes 
an estimate [176] of the amount of suppression of the interference pattern which is perhaps more 
intriguing from a phenomenology perspective, since it would suggest that the effect is just beyond 
present sensitivities (but within the reach of sensitivities achievable by atom interferometers in the 
not-so-distant future) . 



E. Decoherence and neutrino oscillations 



The observations briefly discussed in the previous subsection that are relevant for the study 
of manifestations of foam-induced decoherence in some laboratory experiments (neutral-meson 
studies, atom interferomete rs) c an be very naturally applied also to neutrino astrophysics, as 



discussed in the recent Ref. [1771 ] and references therein. Also in the neutrino context it is natural 
to attempt to develop test theories reflecting the intuition that spacetime foam may act as an 
environment characterized by some "entanglement entropy", so that neutrino observations would 
have to be analyzed considering the relevant neutrino system as an open system. And the evolution 
of the neutrino density matrix could be described (in the same sense of the description of Eq. (|32p 
for neutral-meson systems) by an evolution equation of the type 

d t p = i[p,H]+SHp . (35) 



It is argued in Ref. [1771 ] that such a formalization of the effects of spacetime foam should generate 
a contribution to the mass difference between different netrinos, and could give rise to neutrino 
oscillations constituting a "gravitational MSW effect". 



As an alternative to the setup of Eq. (|35p one could consider 1771 . Il7a ] the possibility of random 
(Gaussian) fluctuations of the backgr ound spa ce-time metric over which the neutrinos propagates. 
For the random metric one can take jl77l . Il78l ] a formalization of the type 

g ,nu = ( + + a 2 "«3(«1 + 1) + «2(a 4 + 1) \ (3g) 

y -o 3 (ai + 1) + a 2 (a 4 + 1) -a§ + (o 4 + l) 2 / 

and enforce |l77l . Il78| ] for the random gauissian variables aj a parametrization based on parameters 
Oi (one per each a*) such that < ctj >= an d < aMj > = bijai 



S ZI — — h 

The fluctuations of the metric are found [1771 . 11781 ] to induce decoherence even when the neu- 



trinos are assumed to evolve according to a standard Hamiltonian setup, 

d t p = i[p,H]. (37) 

But the decoherence effects generated in this framework with standard Hamiltonian evolution in 
a nonstandard (randomly-fluctuating) metric, are significantly different from the ones generated 
with the nonstandard evolution equation (|35p in a standard classical metric. In particular, in both 
cases one obtains neutrino-transition probabilities with decoherence-induced exponential damping 
factors in front of the oscillatory terms, but in the frame work with evolution equation (|35p the 
scaling with the oscillation length (time) is naturally linear |177l. Il78lj . whereas adopting standard 
Hamiltonian evolution in a fluctuating metric it is natural [1771 . Il78l ] to have quadratic scaling with 
the oscillation length (time). 

The (likely) possibility of ordinary-physics neutrino oscillations, which one would expect to 
be much more significant than the foam-induced ones, provides of course a formidable challenge 
for the phenomenology based on these test theories for foam-induced decoherence in t he n eutrino 



sector. Some preliminary ideas on how to overcome this difficulty are described in Ref. 1771 ] . From 
the strict quantum-gravity-phenomenology perspective of requiring to establish that the relevant 
measurements could be sensitive to effects introduced genuinely at the Planck scale, these neutrino- 
decoherence test theories must face challenges that I already discussed for a few other test theories: 
there is at present no rigorous / constructive derivation of the values of the parameters of these test 
theories from a description (be it a full quantum-gravity theory or simply a toy model) of effects 
introduced genuinely at the Planck scale, so one can only express these parameters in terms of the 
Planck scale using some dimensional-analysis arguments of limited (but certainly nonnegligible) 
significance. 
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F. Nonsystematic symmetry-modification effects 



In this review I am primarily classifying quantum-gravity effects in terms of the type of pre- 
quantum-gravity laws that they affect (so we have departures from classical spacetime symmetries, 
violations of the Equivalence Principle and so on). However, it is also valuable to take into account a 
fundamental distinction [154] between analyses that consider "systematic" quantum-gravity effects 
and analyses that consider "non-systematic" quantum-gravity effects. For example, all the analyses 
discussed in Section III concerned mechanisms for systematic departures from the predictions of 
Poincare symmetry: a wavelength dependence of the speed of photons would produce a systematic 
difference between the arrival times of high-energy and low-energy photons that are simultaneously 
emitted, and the modifications of threshold conditions discussed in Section III would be such to 
systematically forbid certain particle-production processes (which would otherwise be expected to 
occur according to standard laws of kinematics) . Most (but not all) of the effects discussed in this 
Section are instead nonsystematic. In many cases they reflect the intuition that spacetime foam 
might act as an environment inducing apparently random fluctuations in certain observables. For 
example, by distance fuzziness one does not mean an effect that would systematically gives rise to 
larger (or smaller) distance-measurement results, but rather one means a sort of new uncertainty 
principle stating that repeated measurements of a given distance (if that means anything) must 
necessarily not be exactly identical to one another but rather be characterizable in terms of random 
fluctuations around some mean value. 

This distinction between systematic and nonsystematic effects can be characterized robustly for 
any given observable X for which the pre-quantum-gravity theoretical prediction can be described 
in terms of a "prediction" X and, possibly, a fundamental (ordinarily quantum mechanical) "un- 
certainty" SX. The effects of quantum gravity in general could lead [1541 ] to a new prediction X' 
and a new uncertainty 5X' . One would attribute to quantum gravity the effects (AX)qg = X' — X 
and (5X)qg = SX' — 5X > 0. One can speak of purely systematic quantum-gravity effect when 
(AX)qg 7^ and (SX)qg = 0, while the opposite case, (AX)qg = and (5X)qg > 0, can be 
qualified as purely non-systematic. It is perhaps likely that for many observables both types of 
quantum-gravity effect be present simultaneously, but of course it is natural that at least the first 
stages of development of a quantum-gravity phenomenology on the observable X be focused on one 
or the other special case {{5X)qg = or (AX)qg = 0). Clearly the effects discussed in Section III 
were all with {5X)qq = 0, while the effects one might expect induced by a spacetime foam (as 
some of the effects discussed in this section) will be typically characterized by (AX)qg = 0. 

In this subsection I intend to primarily stress that for some of the effects discussed in Section III, 
which are systematic deviations from the predictions of Poincare symmetry, it is possible to contem- 
plate a corresponding nonsystematic version, and that such nonsystematic symmetry-modification 
effects may well turn out to provide a meaningful characterization of spacetime foam. 

The only example of such nonsystematic symmetry-modification effects that has received some 
attention in the literature takes as starting point the possibility, here discussed in Subsections III.D 
and III.E, of (systematic) modifications of the dispersion relation leading to (systematic) modifi- 
cations of the threshold requirements for certain particle-production process es, such as the case 
of two incoming photons producing an outgoing electron-positron pair. Refs. [llll . 1 1791 . Q.80] con- 
sidered the possibility of a non-systematic quantum-gravity-induced deformation of the dispersion 
relation, specifically the case in which the classical relation E 2 = p 2 + m 2 still holds on average, 
but for a given particle with large momentum p, energy would be somewhere in the range 



with some (possibly gaussian) probability distribution. A quantum-gravity theory with this feature 
should be characterized by a fundamental value of rj, but each given particle would satisfy a 
dispersion relation of the type 




(38) 




(39) 
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with —\rj\ < fj < \rj\. 

In analyses such as the one discussed in Subsection III.D (for observations of gamma rays from 
blazars) one would then consider electro-positron pair production in a head-on photon-photon 
collision assuming that one of the photons is very hard while the other one is very soft. To leading 
order, the value of fj for the soft photon is not important, only the energy e of the soft photon is 
significant. The soft photon can, in leading order, be treated as satisfying a classical dispersion 
relation. In a quantum-gravity theory predicting the non-systematic effects, the hard photon is 
mainly characterized by its energy E and its value of fj. In order to establish whether a collision 
between two such photons can produce an electron-positron pair, one should establish whether, 
for some admissible values of f} + and fj- (the values of fj pertaining to the outgoing positron and 
the electron respectively), the conditions for energy-momentum conservation can be satisfied. The 
process will be allowed if 

„ m 2 fj E 3 fj + + fj- E 3 , 4 . 

E> - + -tt 1 . (40) 

~ e AeE p 16 eE p y ' 

Since fj, fj + and fj- are bound to the range between — | | and \rj\, the process is only allowed, 
independently of the value of fj, if the condition 



m 



2 



3\r]\ E 3 



is satisfied. This condition defines the actual threshold in the non-systematic-effect scenario I 
am considering. Clearly in this sense the threshold is inevitably decreased by the non-systematic 
effect. However, there is only a tiny chance that a given photon would have fj = \rj\, since this is 
the limiting case of the range allowed by the nonsystematic effect, and unless fj = \r]\ the process 
will still not be allowed even if 



m 
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3\rj\ E 3 



E~ — . (42) 

e 8 eE p y 1 

Moreover, even assuming fj = \rj\, the energy value described by (|42p will only be sufficient to create 
an electron positron pair with fj + = — \rj\ and fj- = —\rj\, which again are isolated points at the 
extremes of the relevant probability distributions. Therefore the process becomes possible at the 
energy level described by (142ft but it remains extremely unlikely, strongly suppressed by the small 
probability that the values of fj, fj+ and fj- would satisfy the kinematical requirements. 

With reasoning of this type, one can easily develop an intuition for the dependence on the energy 
E, for fixed value of e (and treating fj, fj + and fj- as totally unknown), of the likelihood that the 
pair-production process can occur: (i) when (pITj) is not satisfied the process is not allowed; (ii) as 
the value of E is increased above the value described by (I42p . pair production becomes less and 
less suppressed by the relevant probability distributions for fj, fj + and fj-, but some suppression 
remains up to the value of E that satisfies 



m 
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3|r?| E 3 



e ~~ + s7e^ ' < 43 > 

(iii) finally for energies E higher than the one described by (|43p . the process is kinematically allowed 
for all values of fj, fj+ and fj-, and therefore the likelihood of the process is just the same as in the 
classical-spacetime theory. 

This articulated picture provides the description of a single photon-photon collision with the 
nonsystematic effect I am considering. One should next consider that for a hard photon travelling 
toward our Earth detectors from a distant astrophysical source there are many opportunities to 
collide with soft photons with energy suitable for pair production to occur (the mean fr ee p a th is 
much shorter than the distance between the source and the Earth). Thus one expects [l7i, EH 



that even a small probability of producing an electron-positron pair in a single collision would 
be sufficient to lead to the disappearance of the hard photon before reaching our detectors. The 
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probability is small in a single collision with a soft background photon, but the fact that there are, 
during the long journey, many such pair-production opportunities renders it likely that in one of 
the many collisions the hard photon would indeed disappear into an electron-positron pair. For 
this specific scheme of non-systematic effects it appears therefore that a characteristic prediction 
is that the detection of such hard photons from distant astrophysical sources should start being 
significantly suppressed already at the energy level described by ([12]) , which is below the threshold 
corresponding to the classical-spacetime kinematics. 



G. Probing the classical-gravity limit 

As I already discussed briefly in Section I, the longest tradition of phenomenological studies 
motivated by quantum- gravity research is the one concerning the classical- gravity limit, originally 
mainly based on a "gravity version" of the Schrodinger equation of the form 



' ' V" + M G <j)(r) 



2 Mi 



#.r1=,^3 (44) 



for the description of the dynamics of matter (with wave function 2p(t,r), inertial mass Mj and 
gravitational mass Mq). Through interferometric studies of the type first realized by Colella, 
Overhauser and Werner [4J it has been robustly established that the Earth's gravitational field is 
strong enough to affect the evolution of the wave function ip in observably-large manner. And 
more recently it has even been possible to establish [Tol ] that ultracold neutrons falling towards a 
horizontal mirror do form gravitational quantum bound states. 

Some of the issues that have been most extensively considered by researchers involved in these 
studies concern the Equivalence Principle (as signaled by the adoption of separate notation for 
inertial and gravitational mass in Eq. (|44|) ). Interestingly some experimental results [|[ appeared 
to actually suggest a violation of the Equivalence Principle, although, after several years, those 
results remain unconfirmed. 

Recently the exploration of the Equivalence Principle in the classical-gravity limit has been 
reenergized, especially as a result of the realization that the study of neutrino oscillations may 
provide very powerful experimental insight. There are several different formalizations of the de- 
scription o f vio l atio ns of the Equivalence Principle in the context of neutrino oscillations (see, e.g., 
Refs. @,0,llS3,llS2| and references ther ein) , all based however on the observation that gravity may 
induce neutrino oscillations if different neutrino flavors are coupled differently (thereby violating 
the Equivalence Principle) to the gravitational field. Considering for simplicity only two neutrino 
flavors one might be confronted with a situation in which the diagonal basis [y\,v<i) for coupling 
to gravity is different from the (u e , v^) flavor basis [1, Il8ll | 
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If the coupling to gravity is not universal then 0, Il81 ] different neutrinos will undergo different 



gravitational time delays when passing through the same gravitational potential. This in turn would 
provide different neutrinos with different phase shifts, which could generate v e <-> oscillations 
as a result of the difference between the (yx, v-i) and the (u e , v^) bases. 

It should be stressed that these violations of the Equivalence Principle lead to neutrino oscil- 
lations even for massless neutrinos. If the neutrinos have mass (as now rather robustly suggested 
by particle-physics experiments) then a conventional (Equivalence-Princ iple compatible) oscilla- 
tion mechanism could take effect, and this must be taken into account (18 if ] when transforming 
neutrino-oscillation data into constraints (or evidence for) Equivalence-Principle violation. 

Of course, this mechanism of oscillations induced by violations of Equivalence Principle may be 
applicable to other types of particles in addition to neutrinos. For example, Ref. 0] also considers 
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essentially the same mechanism (within a somewhat different formalization) applied to the case of 
Cesium atoms. 

From the broader perspective of quantum-gravity phenomenology it should be stressed that all 
probes of the classical-gravity limit (including the ones that are based on the COW interferometric 
setup and the Equivalence-Principle-violating oscillation mechanism) are inevitably not character- 
izable with genuine Planck-scale sensitivity. These experiments probing the classical-gravity limit 
do not even intend to look at effects due to Planck-scale features of the laws of Nature, but they 
rather look at the effects of classical gravity fields on quantum matter systems. The relevant scale 
for the analysis is not the Planck scale, but rather the scale that sets the size of the gravitational 
field in the region relevant for the experiment/observations. 



H. Probing the Equivalence Principle beyond the classical-gravity limit 

The search of possible violations of the Equivalence Principle in the classical-gravity limit of 
quantum gravity may well eventually provide a key hint for the solution of the quantum-gravity 
problem. However, even greater insight could be achieved by probing the Equivalence Principle 
from a Planck-scale quantum-gravity perspective, rather than merely at the interplay between 
classical gravity and the quantum mechanics of matter fields. Among the most studied approaches 
to the search of a solution for the quantum-gravity problem the one which has generated more 
motivation for test of the Equivalence Principle is String Theory, which indeed hosts some rather 
natural mechanisms [H], HH] for violations of the Equivalence Principle. These are however still 
mechanisms linked to the way fields couple to each other, and therefore, although in this case one 
can speak of genuine "quantum-gravity motivation" , it is still (like in the cases of studies of the 
Equivalence Principle in the classical-gravity limit) not possible to argue that one is gaining insight 
on effects introduced genuinely at the Planck scale. 

An example of the type of test theories that could be developed in order to establish whether 
certain types of data analyses can provide test s of the Equivalence Principle with genuine Planck 
scale sensitivity is provided by the recent Ref. 1831 ], which proposes a model of spacetime foam in 



which spacetime fluctuations are describe d in terms of small fluctuations of the metric on a given 
background metric. The analysis of Ref. jl83t |. which also involves an averaging procedure over a 
finite spacetime scale, ends up motivating the study of a modified Schroedinger equation of the 
form 



J-)(S kl + a kl )d h i) l -m < 
2m ' 



^(t,r)=id t ^(t,r) (46) 



where the tensor a kl is a characterization of the spacetime foaminess, and it is natural to consider 
the tensor fh kl , 

( m kl )- 1 = -(5 kl + a kl ) (47) 
m 

as an anomalous inertial mass tensor which depends on the type of particle and on the fluctuation 
scenario. The rescaling and particle-dependence of the inertial mass provides a candidate key 
manifestation of foam-induced violations of the Equivalence Principle to be sought experimentally. 

This very recent proposal illustrates a type of path that could be followed to introduce violations 
of the Equivalence Principle that originate genuinely from the Planck scale: one might find a way 
to describe spacetime foamyness in terms of genuinely Planckian effects (which is something we 
still are not fully able to do, as stressed in Subsection IV. A, but for which there are proposals at 
a rather advanced stage of developments, as also stressed in Subsection IV. A) and then elaborate 
the implications of this spacetime foaminess for the Equivalence Principle. 
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I. Quantum-Gravity Cosmology 



I have discussed several opportunities to investigate candidate quantum-gravity effects through 
some laboratory or some astrophysics observations. It is likely however that gradually cosmology 
will take the role of preferred arena for tests of quantum-gravity proposals. In the earliest stages of 
evolution of the Universe the typical energies of particles were much higher than the ones we can 
presently achieve, and of course higher-energy particles are better probes of spacetime structure 
than low-energy ones. Over these past few years some analyses that could be viewed as preparing 
the ground for this use of cosmology have been presented in the literature. These proposals do 
not have yet the structure and robustness to be used for actual phenomenological analyses, such 
as the ones setting bounds on the parameters of a test theory, but they start providing indications 
of where quantum-gravity effects could have most significant implications for cosmology. And it is 
from this perspective that I intend to briefly review them, just giving enough characterization to 
expose their potential relevance for quantum-gravity research. 

Some of these observations make reference to modified dispersion relations and could therefore 
be discussed in the previous section on tests of Poincare symmetry, but considering certainh possible 
uses of this review (e.g. as an efficient point of entry in, and reference on, the quantum-gravity 
phenomenology literature) I opted to keep all remarks on cosmology in a single subsection. 



1. An alternative to inflation 
One possible alternative to inflation, whose development was started a couple of decades ago, 



primarily thro ugh works by Moffat 184f | , and received a key contribution by works of Albrecht and 
Magueijo [l85l |. is provided by theories with a time- varying speed of light. A key accomplishment 
of inflation is a description of the observed homogeneity on large scales, such as the ones of the 
temperature distribution, which suggest a causal link between regions of the Universe that would 
otherwise have never been in causal contact. By postulating an appropriate time variation of the 
speed of light one can affect causality in a way that is somewhat analogous to inflation: very distant 
regions of the Universe, which could have never been in causal contact if the speed of light had 
always had the same value, could have been in causal contact at very early times if at those early 
times the speed of light was much higher than at the present time. As argued in the recent review 
Ref. [1861 ] , this alternative to inflation is rather severely constrained but still to be considered a 
viable alternative to inflation. However, the ad hoc introduction of a time dependence of the speed 
of light is considered by many an unappealing aspect of this proposal. 

In recent times, inspired by the development of tes t th eories with energy- (wavelength- 
dependent speed of massless particle, it has been observed [186] that, instead of the ad hoc time 
dependence of the speed of light, one could make use of the energy-dependence of the speed of 
light suggested by some approaches to the quantum-gravity problem. Such an energy-dependent 
speed of light could provide the needed time-dependent effect as a result of the fact that the par- 
ticles presently available to us are all at energies much below the Planck scale, whereas there have 
been (early) stages of the evolution of the Universe in which the typical energies of particles were 
comparable to the Planck scale. Presently the propagation speed that characterizes causal con- 
nection is the familiar speed of light (to be viewed as speed of low-energy particles in the context 
of theories with energy-dependent speed of massless particle) , but for the early stages of evolution 
of the Universe the propagation speed that best characterized causal connections was the speed of 
particles with the typical energy of its evolutionary epoch. 



2. Probing the trans- Plankian problem with modified dispersion relations 

The success of modern inflationary cosmology in reproducing all the relevant experimental data 
presently available to us is even more remarkable if one takes into account that the formalism 
presently used in inflationary cosmology to calculate the evolution of fluctuations is not satisfacto- 
rily justified. In fact, just because of inflation, some of the scales that are presently of cosmological 
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interest should have been trans-Planckian scales at the beginning of inflation, and therefore cannot 
be handled satisfactorily without (the correct) quantum gravity. One might attempt to argue that 
perhaps the key cosmology predictions might not be too sensitive to the structure of transplankian 
physics but this is very clearly not the probably most clearly shown in exploratory in- 

vestigations of this "trans-plankian problem" based on the use of modified dispersion relations. 
By introducing Planck-scale modifications of the dispersion relation in an otherwise ordinary cos- 
mological model one finds effects that are definitely non-negligible, and this in turn suggests that 
perhaps also other Planck-scale effects can have important implications for cosmology. These anal- 
yses therefore indicate through robust quantitative studies that, as already expected on the basis 
of qualitative arguments, the understanding of the quantum-gravity problem will have profound 
implications for cosmology. And that in turn, once the implications of a given quantum-gravity 
scenario for cosmology are sufficiently well understood, observations of relevance for cosmology 
could be used to test the quantum-gravity scenario. 

Among the possibilities that emerged in probing the trans-plankian problem in the direction of 
Planck-scale modifications of the dispersion relation particularly intriguing is the one first discussed 



in Ref. 187t |. which considered dispersion relations with a trans-Planckian branch where energy 



increases with decreasing momenta, such as 

u? ~ k 2 - a 4 fc 4 + a 6 k 6 (48) 

for appropriate choices of the parameters 04 and eng. Ref. [l87t ] argued that a radiation dominated 
universe with particles governed by such modified dispersion relations ends up being characterized 
by negative radiation pressure and remarkably may be governed by an inflationary equation of 
state, even without introducing a an inflaton field. 



3. String-inspired probes of the trans-Planckian problem 

The sensitivity of cosmology observables to trans-Planckian effects has also been explored from 
other perspectives, in addition to the mentioned Planck-scale-modified dispersion-relation studies, 
and for most of the trans-Planckian effects that have been considered one arrives at the same quan- 
titative conclusion: inflationary cosmology (when looked at from a backward in time viewpoint) can 
indeed provide us a "Planck-scale microscope" since our present-day large-scale cosmology measure- 
ments reflect some features of the laws of Nature in the trans-Planckian regime (amplified thr ough 
inflation). In particular several authors (see, e.g., Refs. |l88l . 1 1891 . Il9dl . [l9ll . Il92l . 1 1931 . Il94l . [l95] . and 
references therein) have probed the possibility that a short-distance (Planckian) cutoff (such as 
the one implied by "minimum length arguments" ) might leave a trace in cosmology measurements 
such as the ones conducted on the cosmic microwave backgroun d. I n mo s t cas es the intuition in 



setting up the short-distance cutoff was of string-theory origin [18_9j, 1 1 9 ll . 1 1921 ] . but the analyses 
appear to be applicable to a wider class of frameworks. 

This area of "trans-Plankian cosmology" has grown very large in just a few years, and there 
are already some dedicated reviews, such as Ref. [1951 ]. which provides a good entry point in 
the literature. For my purposes here it suffices to characterize briefly a couple of examples of 
such studies. An early example of study of this type is the one reported in Ref. [189J, which 
considers canonical ([x^,Xj,] = i9^ v ) spacetime noncommutativity. The analysis of Ref. [189] 
focuses primarily on the possibility that the noncommutativity parameters be scale dependent 
(so that, to some extent, spacetime is commutative at low temperatures but becomes more and 
more noncommutative at high temperatures), and finds that this type of noncommutativity may 
cause inflation-induced fluctuations to become non-gaussian and anisotropic. The non-gaussian 
fluctuations should affect dipole anisotropy measurements in ways that could be investigated [189] 
through 4-point-function analyses. The anisotropy should compete with other anisotropy sources 
(Doppler effect) and contribute for example to the dipole anisotropy. 

To include at least one more example of this type of studies let me just briefly mention the anal- 
yses reported in Ref. [1921 ] and some references therein, which also intend to probe the possibility 
of trans-Planckian-physics-induced anisotropy of the cosmic microwave background, adopting a 
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formalism based on a boundary effective action to model a well-known ambiguity in ch oosing a 
vacuum state in a nontrivial cosmological space-time. The analysis reported in Ref. 192| provides 
further evidence that cosmic-microwave-background anisotropy measurements are indeed sensitive 
to certain types of trans-Planckian effects. 



4- Randomly- fluctuating metrics and the cosmic microwave background 

The cosmic microwave background, since its radiation originates from the surface of last scat- 
tering, which is the most distant source of light, can also be a very powerful opportunity to test 
quantum-gravity scenarios with ano malo us features for the propagation of photons. This point was 
illustrated very powerfully in Ref. 196l | which analyzed some possible signatures of a fluctuating 



metric, of the type which, in the sense alre ady discussed earlier in this review, could be motivated 
by the spacetime-foam intuition. Ref. |l96l ] focused on the fluctuations of the lightcone that would 
be associated with a fluctuating metric and the resulting implications for the arrival time of si gnals 
from distant sources, amounting to a broadening of the spectra. It was observed in Ref. jl96l ] that 
starting with a thermal spectrum one would end up with a slightly different spectrum. And in 
this respect the cosmic microwave background provides a nearly ideal testing ground since, besides 
the mentioned advantage of the longest propagation times available, deviations from a thermal 
spectrum are very wel l constrained for the cosmic microwave background. Following the strategy 
proposed in Ref. jl96l | one can therefore in principle obtain potentially sensitive constraints on 
test theories with a fluctuating metric. As in other instances mentioned in this review the results 
presently available to us are still insufficient to establish whether this strategy could provide sen- 
sitivity to effects introduced genuinely at the Planck scale, but clearly this one should be listed 
among the most promising opportunities. 



5. NonKeplerian rotation curves from quantum- gravity effects 

Cosmology would also be the most natural arena for tests of possible modifications of classical 
gravity induced by quantum-gravity effects. In standard quantum field theories it is rather natural 
to find an "effective potential" (usually obtained through calculation of loop contributions) that 
corrects the tree-level classical potential. Although it appears unlikely that quantum gravity could 
be comprehensively treated as a standard quantum field theory, it appears reasonable to expect that 
quantum-gravity effects still generate something similar to an effective potential, which might for 
example provide corrections to the Newtonian potential in the nonrel ativi stic limit (and analogous 
correction terms for the relativistic version). As stressed in Ref. |l97t | and references therein, 
it is not im plau sible that the observed nonKeplerian features of the rotation curves of galaxies 
or clusters [198], usually interpreted as motiv ation for introducing dark matter (or other non- 
quantum-gravity new physics, such as MOND [199]), may be the result of such a mechanism of 
quantum-gravity corrections to cl assic al-gravity potentials. 

To substantiate this claim Ref. [l97l ] relies on the formalism of "Quantum Einstein Gravity" , the 
quantum field theor y of gravity whose underlying degrees of freedom are those of the spacetime 
metric, which Ref. 197] (and references therein) assume to be defined nonperturbatively as a 



fundamental, "asymptotically-safe" theory. Obtaining definite predictions for the rotation curves 
of galaxies or clusters within this formalism is presently well beyond our technical capabilities. 
However, preliminary studies of the renormalization- group behavior of Quantum Einstein Gravity 
provide encouragement for a certain level of analogy betw een this theory and nonAbelian YangMills 
theories, and, relying in part on this analogy, Ref. [1971 ] argued that indeed it is not implausible 
that the observed nonKeplerian features of the rotation curves of galaxies or clusters be due to a 
renormalization effect within Quantum Einstein Gravity. 
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6. A semiclassical Wheeler-DeWitt-based description of the early Universe 



The unexpected significant advances of this decade of quantum-gravity phenomenology are in 
large part due to the efficacy of strategies based on "nontrivial Minkowski limits" , which I described 
in Subsection III.A.l (and in some cases, presently still unfortunately rare, "nontrivial deSitter 
limits"). These are essentially scenarios in which the geometry of spacetime can be treated as a 
fixed background on large (coarse-graining) scales, but some effects due to quantum-gravity (such 
as Planck-scale modifications of kinematics) still have observably-large consequences. Of course, 
at least in principle, valuable experimental insight could be also obtained studying a semiclassical 
limit of quantum gravity, to be developed possibly in clo se an alogy with the semiclassical limits 
of other quantum theories. As a good reference example [200f ] one could consider the corrections 
to the classical Maxwell action described by Heisenberg and Euler (in a pre-QED era) i n ter ms of 
quantum fluctuations of electrons and positrons, which can of course be now rederived [200f ] from 
QED by integrating out the fermions and expanding in powers of h. 

The quantum-gravity formalism which has been most extensively considered from this perspec- 
tive is the one centered on the Wheeler-DeWitt equation. While for the development of a full 
quantum-gravity theory the Wheeler-DeWitt equation has proven to be extremely "cumbersome" , 
the fact that it is rather intuitively formulated is of course convenient for setting up a semiclas- 
sical approximation (see, e.g., Refs. [20ll l202l . l203l |. A resu lt that can be rather readily analyzed 
from a phenomenology perspective is the one providing [20 ll ] correction terms for the Schroedinger 
equation, obtained through a formal expansion of the Wheeler-DeWitt equation with respect to 
powers of the Planck mass. Unf ortunately the relevant correction terms are far too small to matter 
in laboratory experiments 20 1| . However, it is plausible that such a procedure could give rise to 



observably large effects in the description of the earl y sta ges of evolution of the Universe. In partic- 
ular, the semiclassical approximation set up in Ref. [20 ll ] could be used rather straightforwardly to 
describe corrections to the Schroedinger equation for higher multipoles on a Friedman background. 



7. No-singularity cosmology from strings and loops 

Among the scenarios that are under consideration for quantum-gravity-modified cosmology a 
special place must be reserved for the ones that eliminate the initial singularity altogether, as this 
would represent of course the most dramatic departure from the standard cosmological paradigm. 



In the string-theory framework the no-singularity option may find an opportunity [20411 in the 
availability of duality tranformations, which allow to set up a "pre-big-bang" scenario ]20l,[2Ql 
in which the Universe starts inflating from an initial state characterized by very small curvature 
and weak intera ctions. T he small-curvature initial state is gravitationally unstable and would 



naturally evolve [204, 205] into states with higher curvature, until string-size (roughly Planck-scale- 



size) effects are strong enough to induce a bounce in to a decreasing-curvature regime. Instead of 
conventional hot big bang one would have [2041 . |205j a hot big bounce in which in particular the 
heating mechanism is provided by the quantum production of particles in the pre-bounce phase 
characterized by high curvature and strong interactions. 

For the loop-quantum-gravity approach actually there might be no alternative to avoiding the 
singularity: at least as presently understood, Loop Quantum Gravity describes spacetime has a 
fundamentally discrete structure governed by difference (rather than differential) equations. This 
discreteness is expected to become a dominant characteristic of the framework for processes involv- 
ing comparably small (Planckian) length scales, and in particular it should inevitably give rise to 
a totally unconventional picture (which in particular would be a no-singularity picture) of the ear- 
liest stages of evolution of the Univers e. An att empt to set up a quantitative description of these 
features has been developed in Refs. [2061 . l207l | and references therein, but one must inevitably 
resort to rather drastic approximations, since a full loop-quantum- gravity analysis is not possible 
at present (not only because of the complexity of the formalism but also because of the fact that 
some structures needed for such analyses are still not robustly identified in the formalism). 

If, one way or another, quantum gravity is such that the Universe should not start from a 
singularity, it appears very likely that this should have left an observable imprint in cosmological 
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observations we are presently gathering. But it also appears likely that this "signature of no- 
singularity" may depend rather strongly on the specific model used for the singularity avoidance. 
For the st ring- i nspi red pre-big-bang scenario several possible observational consequences have been 
discussed |204l . |205| |. including the one of a stochastic background of gravity wave s due to a back- 
ground of gravitons from the pre-big-bang phase, and it would not be surprising 2041 . 12051 ] if the 
magnitude of the effect might well be within the range of sensitivities of modern gravity-wave 
interferometers . 



V. QUANTUM-GRAVITY PHENOMENOLOGY BEYOND THE STANDARD SETUP 



All the ideas for phenomenology here reviewed in Section III and Section IV are set up following 
a common strategy. They reflect the expectation that the characteristic scale of quantum-gravity 
effects should be of the order of the Planck scale and that it should be possible (for studies conducted 
at scales much below the Planck scale) to analyze quantum-gravity effects using a power expansion 
in terms of the Planck length. All this makes perfect sense and is inspired by analogous strategies 
which have served physicists well in other areas of physics: many arguments indicate that the 
Planck scale is the scale where the current theories break down, and usually the breakdown scale 
is also the scale that governs the magnitude of the effects of the new needed theory. Accordingly 
I believe that quantum-gravity phenomenologists should continue to focus most of their efforts on 
applications of the standard strategy. However, it is also necessary to devote some effort toward 
exploring (or at least be aware of) the possibility that the correct quantum gravity might turn 
out not to fit within this expectation. In this section, after briefly commenting on the merits of 
the standard setup for quantum-gravity phenomenology, I discuss 3 examples of mechanisms that 
are not completely implausible from a quantum-gravity perspective, whose investigation cannot be 
organized according to the standard setup of quantum-gravity phenomenology. 



A. More on the standard setup: building a case for Planck-scale perturbations 



There is a strikingly large number of arguments pointing to the Planck scale as the characteristic 
scale of quantum-gravity effects. Although clearly these arguments are not all independent, their 
overall weight must be certainly judged as substantial. I shall not review them here since they 
can easily be found in several quantum-gravity reviews, and there are even some dedicated review 
papers (although the most recent such dedicated review that I am aware of is from a few years 
back [52|] and does not include some of the more modern arguments). Faithful to the perspective of 
this review, I do want to stress one argument in favour of the Planck scale and the quantum-gravity 
scale which is often overlooked, but is in my opinion particularly significant, especially since it is 
based (however indirectly) on experimental results. These are the well-known experimental facts 
pointing to a unification of electromagnetic, strong and weak-interaction coupling constants. While 
gravity plays no role in those arguments, it is striking from a quantum-gravity perspective that, 
even just using the little information we presently have (mostly at scales below the TeV scale), 
our present best extrapolation of the available data on the running of these coupling constants 
rather robustly indicates that there will indeed be a unification and that this unification will occur 
at a scale which is not very far from the Planck scale. In spite of the fact that we are not in a 
position to exclude that it be just a quantitative accident, this correspondence between (otherwise 
completely unrelated) scales must presently be treated as the clearest hint of new physics that is 
available to us, and besides pointing toward a unification of non-gravitational coupling constants 
it also suggests from a broader perspective that nothing terribly new 25 intervenes between the 
TeV scale and the Planck scale but instead something very special should occur somewhere in the 



I am here using the expression "terribly new" using quantum-gravitist standards, i.e. intending as terribly new 
something that alters profoundly even the conceptual structure of the framework. Exciting new things like super- 
symmetry and new types of particles may well be encountered along "the desert" (the region of scales between the 
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neighborhood of the Planck scale (possibly in clud ing some sort of unification of gravity with the 
other interactions, as also conjectured in Ref. [2081 ] and some references therein). 

Even assuming that the Planck scale is indeed the characteristic scale of quantum-gravity effects 
there might still be ways for the standard setup of mainstream quantum-gravity phenomenology 
to be inapplicable. This mainstream work assumes that the quantum-gravity effects should ad- 
mit description, at scales below the Planck scale, organized in terms of an expansion in powers 
of the Planck length. Since we are not necessarily assuming that this power expansion should 
be of completely standard type, as reflected by the fact that a significant portion of quantum- 
gravity-phenomenology studies do not assume the availability of a field-theoretic effective-theory 
description, many researchers (myself included) feel that this should not be viewed as a overly 
concerning assumption. On the contrary, any Planck-scale framework that would not allow a set 
up following this power-expansion strategy would have a very serious challenge in explaining how 
it happens to be the case that at low energies we have seen no trace of quantum-gravity effects. 

So, the case for the standard setup of quantum-gravity phenomenology can be summarized as 
a strong challenge for its possible alternatives: I expect that any quantum-gravity proposal with 
quantum-gravity scale different from the Planck scale will be seriously challenged by the evidence 
of grandunification of particle-physics interactions, and I expect that any Planck-scale framework 
not admitting expansion in powers of the Planck length will be seriously challenged by low-energy 
data. The realization that there are such serious challenges for these alternatives of course does 
not necessarily amounts to an invitation not to consider them. On the contrary in the remainder 
of this section I will briefly describe some scenarios which indeed would not fit the standard setup 
of quantum-gravity phenomenology, whose investigation however clearly must be considered as a 
meaningful effort from a quantum-gravity-phenomenology perspective. 



B. A totally different setup with Large Extra Dimensions 

Of course the standard setup of quantum-gravity phenomenology would be inappropriate if the 
Planck scale is not the characteristic scale of quantum-gravity effects. In that case it would of 
course be pointless to set up an expansion in powers of the Planck length. One popular mechanism 
to achieve a sizea ble reduc tion of the quantum-gravity scale relies on the introduction of extra 
space dimensions (2091 . 210f ] . In these scenarios the fundamental length scale Ld characteristic of 



quantum gravity in the 3+D+l-dimensional spacetime is much bigger than the Planck length, and 
the smallness of the Planck length is seen as the result of the fact that, as deduced from applying 
Gauss law in the 3+D+l-dimensional context, the strength of gravitation at distance scales larger 
than the size of the extra dimensions in the ordinary (infinite-size) 3+1-dimensional spacetime 
would be proportional to the square-root of the inverse of the volume of the external compactified 
space multiplied by an appropriate power of Lp. 

These scenarios need to be tuned rather carefully in order to get a phenomenologically viable 
picture. Essentially the only truly appealing possibility is the one of 2 large ext ra d imensions 
with size of the extra dimensions somewhere in the neighborhood of a millimiter |210l ] (perhaps 
10~ 4 or 10 -5 meters). Changing these choices quickly leads to effects that either violate known 
experimental facts or are too small to ever be tested. But with these (however contrived) choices 
one does end up with a phenomenologically exciting scenario in which the fundamental length 
scale of quantum gravity is somewhere in the neighborhood of the (TeV)~ l length scale, and 
therefore com fortably within the reach of planned particle-physics experiments (see, e.g., Refs. (21 ll . 

E2, El El). 



TeV scale and the grandunification scale), but I am arguing that we should not expect to find in "the desert" a 
characteristic scale marking the onset of a profoundly new conceptual framework for the laws of Nature, like the 
quantum-gravity scale should be. 
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C. Adapting to the presence of IR/UV mixing 



The large-extra-dimension scenario is an example of inapplicability of the standard setup of 
quantum-gravity phenomenology due to the fact that, within that scenario, the characteristic scale 
of quantum gravity is not the Planck scale. There are also scenarios in which one may still assume 
that quantum-gravity effects are fundamentally introduced at the Planck scale, but the standard 
setup of quantum-gravity phenomenology is inapplicable because the most characteristic effects 
are not describable in terms of an expansion in powers of the Planck length. 

A rather popular example of this situation is the one of theories with "IR/UV mixing", which 
has been most studied within the framework of field theories in observer-dependent 26 canonical 
noncommutative spacetime. In order for IR/UV mixing to be present it must be that Wilson 
decoupling has failed: if some new UV physics is introduced at some characteristic scale Muv it 
should normally decouple from physics at all scales E such that E <C Mjjy, but with canonical 
noncommutativity introduced at a noncommutativity scale Mg such a new UV structure turns out 
to affect very significantly IR physics at scales E such that E < Ma /Muv- If such a mechanism 
was realized in Nature (be it because of canonical noncommutativity of spacetime or some other 
IR/UV-mixing mechanism) the standard setup of quantum-gravity phenomenology would at the 
very least not be the smartest strategy: the presence of IR/UV mixing does not in general exclude 
the possibility of some specific effects that in certain energy range be describable in terms of an 
expansion in powers of the Planck length [78|], but with IR/UV mixing it should often be easier 
(and more likely to be successful) to look for the dramatic new IR effects. I should stress however 
that, while this focus on the IR features should be the natural strategy for most cases of IR/UV 
mixing, in the case of the most developed formalism with IR/UV mixing, the one of field theory 
with observer-dependent canonical spacetime noncommutativity, this appears not to be the most 
fruitful strategy (or at least it is not the strategy that is most followed). Besides the peculiar 
IR features, theories with observer-dependent canonical spacetime noncommutativity also violate 
Lorentz symmetry, an d it t urns put t o be easie r to set up a phenomenology based on the Lorentz- 
symmetry violations [2161 . 12171 . 12181 . 12191 . l22dl ]. especially considering that the Lorentz- violation 
effects are not necessarily suppressed by the Planck scale 27 and the peculiar IR features can be 
hidden very deeply in the infrared by tuning of parameters [7§ |. 



D. The possible challenge of not-so-subleading higher-order terms 



Some challenges for the standard setup of quantum-gravity phenomenology may also be present 
when the effects are genuinely introduced at the Planck scale and there is nothing peculiar about the 
infrared sector. In particular, just because this standard setup is based on a (truncated) expansion 
in powers of the Planck length, it can happen that the formally sub-leading terms (higher powers 
of the Planck length) which are usually neglected in leading-order analyses are actually not really 
negligible. The fact that experiments suitable for quantum-gravity phenomenology must host, as I 
stressed in several points of this review, some ultralarge ordinary-physics dimensionless "amplifiers" 
could play a role in these concerns: if some mechanism is allowing the tiny leading-order Planck- 
length correction to be observably large it would not be so surprising if the same amplifier would 
also be such that some "formally subleading" Planck-length corrections, neglected in the analysis, 
are significant 28 . And another possible source of concern can originate from the fact that some 



The presence of IR/UV mixing has been established for quantum field theories formulated in spacetimes with 
[x M ,:r„] = iQp.v, canonical, noncommutativity for the case in which 6^ behaves like a Lorentz tensor, and is 
therefore observer dependent. In the case of theories with observer-independent canonical noncommutativi ty th ere 
are still studies in progress aimed at establishing whether or not IR/UV mixing is present (see, e.g., Ref. [2158 ]) . 
When the noncommutativity is observer dependent of course the noncommutativity scale cannot be meaning- 
fully [68J taken as the Planck scale: it may happen to be of the order of the Planck scale for some class of observers 
but in general it would of course depend on the observer. 

This point on "not-so-subleading higher-order terms" will be investigated in some deta il in a study now in prepa- 
ration 221], whose preliminary findings were briefly described already in parts of Ref. [222( ] . 
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of the contexts of interest for quantum-gravity phenomenology are characterized by several length 
scales: of course, expansions in powers of the Planck length actually are expansions in powers of 
some dimensionless quantity obtained dividing the Planck length by a characteristic length scale 
of the physical context of interest, and some "pathologies" may be encountered if there are several 
candidate length scales for the expansion. 

While I feel that these issues for the power expansion should be monit ored very carefully, it 



is perhaps reassuring that the only explicit examples we seem to be able [2211 . L222] to come up 
with are rather contrived. For example, in order to illustrate the issues connected with the many 
length scales available in certain contexts of interest for quantum-gravity phenomenology, I cannot 
mention anything more appealing than the following ad hoc formulation of a deformation of the 
speed-energy relation applicable in the "relativistic regime" (E 3> m): 

m 2 ( (l 2 E & \ \ 

V ^ l ~ 2& +r]LpE ( tanh ( -far J " 1 ) • (49) 

At low (but still "relativistic" ) energies this would fit within a picture that has been much studied 
from the quantum-gravity-phenomenology perspective, the one of the speed-energy relation v ~ 
1 — m 2 /(2E 2 ) — T]L p E, but whereas in the relevant quantum-gravity-phenomenology literature it 
is assumed that the term r]L p E, if present, should always be the leading correction, up to particle 
energies of the order of the Planck scale, E ~ 1/L P , from (I49jl one would find that the correction 
term is already no longer leading at particle energies of the order of E ~ (m 2 /L p ) 1 / 3 , i.e. well 
below the Planck scale. Of course here the point is that (149)) is characterized by two distinct small 
quantities suitable for the "expansion in powers of L p : the quantity L p E and the quantity L p m. 



VI. CLOSING REMARKS 



Clearly the most significant development of this decade of quantum-gravity phenomenology 
has been our ability to uncover some experimental/observational contexts in which, through ap- 
propriate data analyses, we could gain access to effects introduced genuinely at the Planck scale. 
The transition from "dimensional-analysis Planck scale sensitivities" (which typically involved a 
description of a plausible quantum- gravity effect in terms of a dimensionless parameter, estimated 
arbitrarily as a ratio of the Planck length and some characteristic length scale of the problem) to 
the case of genuine Planck-scale sensitivities (most simply and clearly illustrated here in Subsec- 
tion I.D) is already at a rather advanced stage of "conceptual metabolization" , even though the 
contexts for which genuine Planck-scale sensitivity has been exposed are still very rare. Looking 
at the results I have summarized in this review different readers, depending on how stringent are 
their criteria for genuine Planck-scale sensitivity, will only recognize one, two or anyway very few 
examples. But we do have, at this point, a rather encouraging list of contexts in which, while the 
availability of genuine Planck-scale sensitivity has still not been fully shown, it appears that we 
can be hopeful that they will eventually provide us sensitivity to some type of effects introduced 
genuinely at the Planck scale. 

The ultimate goal of testing/falsifying rigorous theories that provide comprehensive solutions to 
the quantum-gravity problem appears to be still far beyond our present reach. But while most of the 
work in quantum-gravity phenomenology so far has relied on simple-minded test theories describing 
candidate quantum-gravity effects introduced (in some cases genuinely) at the Planck scale, we seem 
to be entering a phase of further maturation of this phenomenology, in which we will test/falsify 
some "quantum-gravity theories of not everything", i.e. theories that are rigorously formulated, 
are suitable for the description of a very broad class of processes, and would address some (but 
not all) aspects of the quantum-gravity problem. Perhaps Planck-scale theories formulated in 
noncommutative versions of Minkowski spacetime are the example where we are presently closer 
to gaining the ability to test/falsify some quantum-gravity theories of not everything. 

The (however limited) information presently available to us appears to provide a clear invitation 
to continue to focus most of our efforts in the search of effects describable in terms of a (low- 
energy) expansion in powers of the Planck length. But other opportunities clearly should not be 
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overlooked, and I here mentioned the possibility to use alternative strategies both in the arena 
of cosmology, since Planck-scale effects in the very early Universe might have been so strong not 
to admit perturbative expansion, and in the context of investigations (here briefly described in 
Section V) of unconventional, but plausible, quantum-gravity scenarios, in which either the Planck 
scale is not the characteristic scale of quantum-gravity effects or the effects, in spite of being 
genuinely of Planck-scale origin, are not meaningfully characterized in terms of a Planck-length 
power expansion, even at particle energies well below the Planck scale. 

For what concerns the type of data on which quantum-gravity phenomenology can rely, I have 
attempted to maintain throughout this review some visible separations between different proposals 
on the basis of whether they concern astrophysics, cosmology or controlled laboratory experi- 
ments. It is very clear that astrophysics has provided so far the most fruitful arena. Cosmology 
has the greatest potential reach (although for the most part this potential has not yet materi- 
alized) and I have argued that perhaps the time for a mature cosmology-based quantum-gravity 
phenomenology is not so distant. I was very deliberate in stressing the role that already now (how- 
ever marginally/occasionally) is played in quantum-gravity phenomenology by some controlled 
laboratory experiments, and of course one of the most important challenges for the next decade of 
quantum-gravity phenomenology is the one of extending as much as possible our reliance on the 
"high-quality facts" that can be established through controlled laboratory experiments. 
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